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Abstract

The ventral visual cortex houses a hierarchical system for object processing and
exhibits category-specific processing, especially for fine-grained discrimination of
words and faces. The degree to which different regions in ventral visual cortex,
within and between the two cerebral hemispheres, are involved in visual
processing of different kind of visual objects is not known. In two fMRI studies of
words and faces, we compare univariate and multivariate analysis results for
neural differences between and within categories, at different visual hemifield
locations (center, left and right hemifield). In the functional localizer experiment,
opposite lateralization between words and (to a lesser degree) faces were
observed. However, between-category univariate fMRI results were not
consistently lateralized to the left hemisphere for words or oppositely lateralized
to the right hemisphere for faces in the two main experiments. Multivariate fMRI
results were less restricted to category-specific areas of ventral visual cortex and
showed considerable lateralization for discrimination of objects at the exemplar-
level. Between-category multivariate fMRI results showed less lateralization,
despite strong evidence of neural discriminability. This means that within-
category discrimination fMRI multivariate results are more consistent with
laterality effects in behavior as measured in divided field experiments. Such
results are important because they highlight a fundamental discrepancy in the

hemifield-hemisphere relationship between visual object recognition behavior



and fMRI results. In the visual hemifield experiments, both category-specific
regions for words and faces showed contralateral biases of within-category
decoding for preferred stimulus categories. More interestingly, a posterior object-
sensitive region exhibited successful within-category decoding for both words
and faces presented in the non-preferred location. We offer a novel explanation
of this apparent discrepancy revealed by the influence of object (face or word)
location on within-category multivariate fMRI results: Ipsilateral visual hemifield
deficits observed in divided field studies of words and faces reflect a reliance on
feature-based processing by generic object recognition circuits posterior to

category-specific regions in the ventral visual cortex.
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Chapter 1 — Introduction: Object recognition and cerebral laterality

1.1 Ventral visual stream and object recognition

Our visual system allows us to recognize various objects in a single glance. It is
well accepted that this ability is highly reliant on the ventral visual stream
(Goodale & Milner, 1992; Ungerleider & Mishkin, 1982), which underpins a
hierarchical process of transforming retinal input into low-level features, and
finally into high-level abstract visual representations (Riesenhuber & Poggio,
1999; Rolls, 2000). Within the ventral visual pathway, topographic mapping and
category-related regions are two fundamental organizing principles. The ventral
visual stream originates in early visual cortex (including V1 to V4), which exhibits
retinotopic mapping of visual input, with the areas in the occipital lobe of each
cerebral hemisphere containing multiple full field maps of the contralateral visual
hemifield (Engel, Glover, & Wandell, 1997; Wandell, Dumoulin, & Brewer, 2007).
It has been argued that low-level visual features, such as stimulus contrast, color,
and orientation, are processed in the early visual cortex, and complex features of
objects are processed in a later stage along the ventral visual hierarchy.
Furthermore, higher-level visual areas in ventral occipitotemporal cortex (vOT)
represent increasingly bilateral visual hemifield input (Larsson & Heeger, 2006),
and distinct areas within vOT are often associated with visual processing of

general object information (Haxby et al., 2001) and specific categories of objects



(Grill-Spector & Weiner, 2014; Kanwisher & Yovel, 2006). It is well known that
the high-level visual cortex exhibits a large-scale organization of category-
specific regions in the vOT and serves as an interface underlying rapid mapping

between visual and non-visual representations.

The challenge of object recognition is not limited to discrimination of different
object categories, but also to discrimination of highly similar objects. For over two
decades, a central debate on object recognition is whether or not the ability to
make within-category fine-grained discriminations is domain-specific (Behrmann
& Plaut, 2013; Kanwisher, 2000; Tarr & Gauthier, 2000). Specifically, it has been
proposed that the brain consists of different modules (regions) and each
specializes for a unique type of stimuli (Fodor, 1985). Unlike common obijects,
words and faces recruit lateralized category-specific regions in vOT (L. Cohen et
al., 2000; Gauthier, Tarr, Anderson, Skudlarski, & Gore, 1999; Kanwisher,
McDermott, & Chun, 1997; Strother, Coros, & Vilis, 2016). Given that words and
faces exhibit a complementary pattern of lateralization (i.e. left lateralized for
words and right lateralized for faces), and that both words and faces require
discrimination between highly similar stimuli at individual-level, they are thought
to rely on similar neural mechanisms (Behrmann & Plaut, 2015; Kleinschmidt &
Cohen, 2006; Ventura, 2014). It still remains unclear whether the vOT is
lateralized for within-category discrimination of homogenous exemplars.
Furthermore, does the vOT consist of regions that are domain-specific or

domain-general for discrimination of object exemplars? The current project



concerns the neural representation of faces and words in the brain, with a focus
on the remarkable ability to discriminate visually similar patterns of different faces

and words.

1.2 Cortical basis of face recognition

Faces contain rich information, such as identity, feature, familiarity, gender, age,
emotion, social status, and thus face recognition recruits a large number of brain
regions to successfully process different facial information. It has been known for
well over a century that damage to the right vOT results in impaired face
recognition abilities (prosopagnosia), the earliest evidence of lateralized visual
processing of faces (Barton, Cherkasova, Press, Intriligator, & O'Connor, 2004;
Damasio, Damasio, & Van Hoesen, 1982; Martha J. Farah, 1991; Martha J
Farah, 2004). Subsequent findings from neuroimaging, especially those from
functional MRI (fMRI), corroborate this early finding. In an fMRI study by
Kanwisher et al. (1997), the fusiform face area (FFA) was defined by clusters of
voxels within vOT which show greater responses to faces than to other object
stimuli. Since then, it has been suggested that the FFA is a specialized module in
the ventral visual cortex that underlies different mechanisms for processing faces
compared to non-face objects (Kanwisher et al., 1997; Kanwisher & Yovel,

2006).



Further studies of face recognition have identified a distributed large-scale face-
processing network that plays a critical role in face recognition, consistent with
early models of face recognition (Bruce & Young, 1986) and hierarchical models
of object recognition (Gross, 1992; Riesenhuber & Poggio, 1999). According to
Haxby and colleagues (2000), the flow of face information is processed in a
hierarchical feed-forward system divided into a core face recognition system,
including the occipital face area (OFA), FFA, and the superior temporal sulcus
(STS), and an extended system including other regions that contain face
information but are not specialized for faces and show brain responses to non-
face stimuli. It has been further argued that the core face recognition system
plays a fundamental role in within-category discrimination of homogeneous face

exemplars.

The OFA (Gauthier, Tarr, et al., 2000) is typically found in the inferior occipital
gyrus, and based on its location in the posterior ventral visual hierarchy, it is
often suggested to be the initial stage of face recognition. Studies of the OFA
have shown that it exhibits category-specificity for faces similar to FFA, but it also
differs from FFA in many respects. First, the OFA is the earliest stage for
interhemispheric integration of face information originating in left and right
hemisphere (Frassle, Paulus, Krach, Schweinberger, et al., 2016; Kietzmann et
al., 2015). Second, the OFA is more susceptible to low-level visual feature
changes than the FFA (Hemond, Kanwisher, & Op de Beeck, 2007; Kovacs,

Cziraki, Vidnyanszky, Schweinberger, & Greenlee, 2008; Schwarzlose, Swisher,



Dang, & Kanwisher, 2008). Finally, and most importantly, it has been argued that
the OFA is not engaged in the holistic representation of faces. For example, fMRI
studies on the face inversion effect did not find that the OFA exhibits different
responses to inverted faces compared to upright faces (Pitcher, Duchaine,
Walsh, Yovel, & Kanwisher, 2011; Yovel & Kanwisher, 2005). Furthermore, many
other studies have found that the OFA exhibits sensitivity to face features rather
than whole faces (Anzellotti & Caramazza, 2016; J. Liu, Harris, & Kanwisher,
2002, 2010; Pitcher, Walsh, Yovel, & Duchaine, 2007; Rotshtein, Henson,
Treves, Driver, & Dolan, 2005). In short, the general view of the OFA suggests
that it represents physical and feature-based face information while it does not

directly represent holistic whole-face information.

Located anteriorly to the OFA, the FFA exhibits strong category-specific
responses to faces. It is normally found in the middle fusiform gyrus of both left
and right hemisphere, but it exhibits hemispheric asymmetry such that the right
FFA is typically larger in size than the left FFA (Bukowski, Dricot, Hanseeuw, &
Rossion, 2013; Ishai, 2008; Rossion, Hanseeuw, & Dricot, 2012). It has been
suggested that the functions between the right and left FFA are different. For
instance, Rotshtein et al. (2005) reported that the right FFA encodes face identity
whereas the left FFA is sensitive to the physical features of faces, independent of
identity. Based on these findings, the right FFA is often considered to be the
underlying neural basis of behavioral left visual hemifield (LVF) advantage for

faces (Yovel, Tambini, & Brandman, 2008).



Furthermore, face recognition studies suggest that the most important role of the
FFA is to integrate face feature representations into a “holistic” (or configural)
representation of whole faces and contains face identities (Duchaine & Yovel,
2015; Grill-Spector, Knouf, & Kanwisher, 2004; Kanwisher & Yovel, 2006; Nestor,
Plaut, & Behrmann, 2011; Schiltz & Rossion, 2006; Yovel, 2016). It is consistent
with the ventral visual hierarchy that the FFA contains increasingly complex face
representation as compared to the OFA. Accordingly, extensive studies revealed
several different properties of FFA that are critical for achieving this function.
First, the FFA exhibits invariance or less sensitivity to low-level face features as
compared to OFA (Hemond et al., 2007; Kovacs et al., 2008). Second, face
inversion effects were observed in the FFA (Pitcher et al., 2011; Yovel &
Kanwisher, 2005). Third, the FFA is usually associated with configural/holistic
processing more than feature-based processing of faces (Avidan, Tanzer, &
Behrmann, 2011; Axelrod & Yovel, 2010; Harris & Aguirre, 2008; Kimchi,
Behrmann, Avidan, & Amishav, 2012; J. Liu et al., 2010; T. T. Liu & Behrmann,
2014). Finally, the right FFA is sensitive to face identity change and involved in
discriminating between different faces while remaining relatively invariant to low-
level or feature-based changes (Andrews & Ewbank, 2004; Anzellotti, Fairhall, &
Caramazza, 2014; Goesaert & Op de Beeck, 2013; Nestor et al., 2011; Rotshtein
et al., 2005). This last point is important as it involves within-category

discrimination of different face exemplars.



Despite the consensus that the FFA is the most fundamental region identified in
ventral visual pathway for face recognition, a longstanding debate concerning the
FFA and other face-selective visual cortical areas is whether or not neural
mechanisms in these areas are functionally specialized (i.e., are innate neural
structures or modules which have distinct established evolutionarily developed
functions; Fodor, 1985) for faces. For example, fMRI studies of the FFA show
that it also preferentially responds to birds, cars and other objects for expert
observers of these object categories (Gauthier, Skudlarski, Gore, & Anderson,
2000; Gauthier, Tarr, et al., 2000), which suggests that the FFA is not specialized
for faces per se. Additionally, it has been suggested that face information is not
merely encoded in the FFA but rather recruits a large face-related network
distributed throughout the whole brain (Behrmann & Plaut, 2013; Haxby &
Gobbini, 2011; Haxby et al., 2001). In short, this controversy between domain-
specific and domain-general is mostly focused on whether FFA is unique to
discrimination of homogenous faces but not to other objects. In addition, the
domain-general view argues that the discrimination of face exemplars should not
be limited in the FFA but also in other regions. Thus, it is possible that other
regions in the vOT could also show discrimination of faces as well as other

objects. Of primary interest, we investigated this question in the current study.

Unlike the OFA and FFA, it is still unclear to which extent non-core face system
contribute to discrimination of homogenous face exemplars. Regions beyond the

ventral visual hierarchy that are involved in face recognition have also been



identified in the anterior temporal lobe (ATL), STS, inferior parietal sulcus (IPS),
inferior frontal gyrus (IFG), insula, amygdala, hippocampus, medial orbitofrontal
cortex, and anterior cingulate cortex (Duchaine & Yovel, 2015; Haxby et al.,
2000). The ATL is located at the most anterior portion of the ventral temporal
cortex and is suggested to involve semantic processing and representation of
face identities (Anzellotti & Caramazza, 2014b; Duchaine & Yovel, 2015; Peelen
& Caramazza, 2012). Most recent fMRI multivariate pattern analysis (MVPA)
studies have found successful decoding of face identities in right ATL with
invariance to low-level and feature-based changes during face recognition
(Anzellotti & Caramazza, 2016; Anzellotti et al., 2014; Kriegeskorte, Formisano,
Sorger, & Goebel, 2007; Nestor et al., 2011). The pSTS is thought to receive
face information from the OFA and is associated with different functions of face
recognition. Several studies reveal that the pSTS is sensitive to gaze directions,
facial expressions, face inversions, and dynamic face motions, suggesting a role
in representing social information extracted from faces (Hoffman & Haxby, 2000;
Narumoto, Okada, Sadato, Fukui, & Yonekura, 2001; O'Toole, Roark, & Abdi,
2002; Pitcher et al., 2011; Winston, O'Doherty, & Dolan, 2003; Yovel &
Kanwisher, 2005). In contrast to pSTS which shows face-selective responses,
the aSTS responses to both faces and voices, and is thought to contain amodal
representations of individual identities (Schirmer, Fox, & Grandjean, 2012;

Watson, Latinus, Charest, Crabbe, & Belin, 2014).



Other brain regions that lie outside the visual system also contribute to face
recognition. For example, many studies have shown the dorsal lateral prefrontal
cortex (including the IFG and middle frontal gyrus, MFG) is associated with top-
down influence of face recognition (Freeman, Rule, Adams, & Ambady, 2010;
Johnson, Mitchell, Raye, D'Esposito, & Johnson, 2007; Kveraga, Ghuman, & Bar,
2007; Lee & Geng, 2017; Mechelli, Price, Friston, & Ishai, 2004; Summerfield et
al., 2006). In addition, attention-related parietal cortex also exhibits
representations for face information which reflect goal-directed task influence on
face recognition (Anzellotti & Caramazza, 2016; Jeong & Xu, 2016; Kay &

Yeatman, 2017).

1.3 Cortical basis of visual word recognition

It is very interesting that studies of visual word recognition yield a similar
underlying visual hierarchy as face recognition in the vOT, but show opposite
lateralization to the left hemisphere. Early neuropsychological studies show that,
in contrast to right hemisphere damage underlying prosopagnosia, comparable
damage to left vOT results in acquired dyslexia, an impairment of word
recognition (Behrmann, Nelson, & Sekuler, 1998; Kleinschmidt & Cohen, 2006;
Moscovitch, Winocur, & Behrmann, 1997). Findings from neuroimaging are
consistent with lesion-based findings, and even suggest the possibility of a visual
word form area (VWFA) in the left mFus and occipital temporal sulcus (OTS) that

is specialized for word recognition, analogous to the FFA in the right hemisphere
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(L. Cohen et al., 2000; L. Cohen et al., 2002; McCandliss, Cohen, & Dehaene,
2003). A region posterior to the VWFA in the left |IOG was identified as an
occipital word form area (OWFA; Strother et al., 2016), analogous to the OFA in
the right hemisphere. Consistent with a posterior-to-anterior hierarchical
organization of ventral visual pathway (Riesenhuber & Poggio, 1999; Rolls,
2000), Dehaene and colleagues (2005; 2007) argued that the left ventral
pathway underlies similar hierarchical processes for visual word recognition. In
particular, low-level visual features of words are represented at the early stage
presumably in the extrastriate cortex or OWFA, followed by an increasingly
complex representation at the letter- and bigram-level. At the final stage, binding
of letters into whole words is achieved by invariant and abstract representation in

the left VWFA.

A large number of studies have suggested that the VWFA shows greater fMRI
responses to words as compared to pseudowords and non-linguistic control
stimuli ( Baker et al., 2007; Gaillard et al., 2006; Kronbichler et al., 2007,
Kronbichler et al., 2004; Stigliani, Weiner, & Grill-Spector, 2015; Strother, Zhou,
Coros, & Vilis, 2017). In addition, the VWFA contains orthography-based
representations of whole words (Baeck, Kravitz, Baker, & Op de Beeck, 2015;
Binder, Medler, Westbury, Liebenthal, & Buchanan, 2006; L. Cohen et al., 2002;
Fischer-Baum, Bruggemann, Gallego, Li, & Tamez, 2017; Glezer, Jiang, &
Riesenhuber, 2009; Schurz et al., 2010; Strother et al., 2016; Vinckier et al.,

2007; Zhou, Whitney, & Strother, 2019). The representation of words in the
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VWFA, and possibly other regions of left vOT, is presumably the result of
extensive experience with word stimuli (Glezer et al., 2009; Glezer, Kim, Rule,
Jiang, & Riesenhuber, 2015; Kronbichler et al., 2009). Furthermore, the VWFA
also exhibits an inversion effect for words (Carlos, Hirshorn, Durisko, Fiez, &
Coutanche, 2019; Kao, Chen, & Chen, 2010; Sussman, Reddigari, & Newman,
2018). Lastly, using MVPA, fMRI studies revealed that the VWFA contains the
representation of within-category word information (Baeck et al., 2015; Nestor,
Behrmann, & Plaut, 2013). In short, comparable to the FFA for holistic face
processing, the VWFA is also associated with holistic processing for words and
represents the whole-word (Ventura, 2014; Wong et al., 2012; Wong, Wong, Lui,

Ng, & Ngan, 2019).

However, similar to the debate regarding specialization of the FFA for face
processing, there also is concern regarding specialization of the VWFA for
words. For example, fMRI studies show that the VWFA also responds to non-
linguistic objects (Moore & Price, 1999; Vogel, Petersen, & Schlaggar, 2012).
Furthermore, the VWFA is functionally and anatomically tied to core language
centers as well as task-directed regions outside the visual system which exhibit
both feedforward and feedback influence among these regions (Kay & Yeatman,
2017; Stevens, Kravitz, Peng, Tessler, & Martin, 2017; Vogel, Petersen, &
Schlaggar, 2014; Wandell, Rauschecker, & Yeatman, 2012; Yeatman,
Dougherty, Ben-Shachar, & Wandell, 2012; Yeatman, Rauschecker, & Wandell,

2013). Price and Devlin (2003, 2011) proposed that the VWFA is not specialized
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for words per se, but serves as an interface between orthography-sensitive visual
representations and word representations in non-visual language centers of the

human brain.

Unlike the OFA, the OWFA was coined more recently and its role in word
recognition is less well studied. For example, the OWFA has been suggested as
the left homologue of right OFA and therefore, underlies similar functions as the
right OFA (Strother et al., 2016). In addition, early interhemispheric integration of
split-half words between LVF and RVF was reported for the OWFA. Furthermore,
our recent study suggests that the OWFA may be involved in the abstract letter-
level representation independent of font-related word changes (Zhou, Vilis, &
Strother, 2019). However, the OWFA also shows different properties compared
to the OFA. For example, we found that the OWFA exhibits equal responses to
LVF and RVF word halve changes (Strother et al., 2017) in contrast to the OFA
which shows a strong contralateral bias (Hemond et al., 2007). In short,
according to the hierarchical view, these findings may suggest that the OWFA
could be involved in the feature-based or pre-lexical level processing of letters or

whole-words.

Lastly, visual word processing also recruits brain regions outside the visual
pathway. For example, core language system, consisting of Broca’'s and
Wernicke’s areas, also contribute to word recognition (Fedorenko & Thompson-

Schill, 2014; Marslen-Wilson & Tyler, 2007). Further discussion on core language
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system in discrimination of words is beyond the scope of this current study but,
nevertheless, it is possible that these regions and other attention-related regions
(L. Cohen, Dehaene, Vinckier, Jobert, & Montavont, 2008; Kay & Yeatman,

2017) may also contribute to discrimination of homogenous word exemplars.

1.4 Complementary lateralization for words and faces

The most commonly used behavioral method of investigating cerebral laterality is
the divided visual hemifield paradigm (VHF; Bourne, 2006; Hunter & Brysbaert,
2008). This paradigm is based on the fact that visual information presented in the
LVF is initially processed by the early visual cortex in the right hemisphere (RH)
and visual information presented in the right visual hemifield (RVF) is initially
processed by the early visual cortex in the left hemisphere (LH). Thus, functional
asymmetry for a specific stimulus in either LH or RH biases the preference for
that stimulus presented in either the RVF or LVF. For example, in the study of
Dundas et al. (2013), a centrally presented image (faces or words) was followed
by a second image (of the same category as the first image) presented in either
the LVF or RVF. Participants performed a task by pressing one of two buttons to
indicate whether the second image was the same or different as compared to the
first image. The authors found that, for adults, performance on word stimuli were
better in the RVF, and performance on face stimuli were better in the LVF.
However, such LVF face bias was not observed in children. Based on their

results, the authors concluded that the development of LVF bias for faces is the
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result of learning to read, as indicated by the emergence of an RVF bias for
words. A number of other studies using the VHF paradigm have also shown a
consistent RVF bias for language (Brederoo, Nieuwenstein, Cornelissen, &
Lorist, 2019; Brysbaert, 1994, 2004; Dundas, Plaut, & Behrmann, 2013;
Hausmann et al., 2019; Hunter & Brysbaert, 2008) and LVF bias for face
recognition (Bourne & Hole, 2006; Brederoo et al., 2019; Mohr, Landgrebe, &
Schweinberger, 2002; Schweinberger, Baird, Blumler, Kaufmann, & Mohr, 2003;
Van der Haegen & Brysbaert, 2018). It should be noted that the VHF paradigm
relies on the within-category discrimination of homogenous exemplars which is in
line with the neuropsychological studies on prosopagnosia and dyslexia showing
impaired performance in within-category discriminations. Although the VHF
paradigm provides a useful way of measuring behavioral lateralization, it is still
unclear what the underlying neural correlates are, because such results are

rarely compared directly.

In line with behavioral findings, there also have been consistent observations of
opposite lateralization between face and word recognition at the cortical level (L.
Cohen et al., 2000; L. Cohen et al., 2002; Kanwisher et al., 1997; Rossion et al.,
2012). A predominant explanation of this opposite lateralization is that it reflects
the division of labor between the two hemispheres associated with distinct

functional processes for the two different types of objects (faces and words) and
the underlying visual processing demands. Moreover, a recent theory proposes

that competition for neural resources underlying face and word representations in
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the left hemisphere during development of reading ability results in right-
lateralized face processing and highlights the impact of literacy on other types of
object recognition (Behrmann & Plaut, 2013; Dehaene & Cohen, 2007; Dehaene,
Nakamura, et al., 2010; Dehaene-Lambertz, Monzalvo, & Dehaene, 2018;
Dundas et al., 2013). A central assumption of this theory is that the development
of the VWFA in the left hemisphere is related to non-visual language areas in the
left hemisphere. This is consistent with the study of Cai et al. (2010) which

showed collateralization of VWFA and inferior frontal gyrus.

Furthermore, words and faces both require discrimination between highly similar
stimuli, and thus regions that are selective to words and faces could engage
similar within-category discrimination mechanisms. Thus, it has been proposed
that as the VWFA emerges during reading acquisition, neural populations in left
vOT that would otherwise be face-selective become “tuned” to letters and words
instead. In addition, the resultant cerebral lateralization is “graded” rather than
absolute, which is consistent with individual differences in the degree of laterality
for words and faces (Behrmann & Plaut, 2015). This is important because the
experiments proposed here assess degree of laterality for faces and words in
individual subjects, using independent behavioral and fMRI measures, and we
attempted to reconcile behavioral measures with different kinds of fMRI
measures, all of which together would paint a clearer picture of the relationship
between lateralization and category-specific (i.e., faces versus words) visual

function.
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While the behavioral VHF paradigm measures the effect between visual
hemifields to imply laterality, fMRI provides a more definitive measure of cerebral
laterality. It should be noted that the interpretation of fMRI laterality is subject to
debate. For instance, Seghier and Price (2011) showed that the left lateralization
for words may not be due to an increase of activity in the left vOT but rather a
decrease of activity in the right vOT. The standard univariate analysis of fMRI
data is conducted based on the linear summation of blood-oxygen-level
dependent (BOLD) responses (Boynton, Engel, Glover, & Heeger, 1996). For
example, a contrast map (or activation map) is used to show differences in BOLD
response between two conditions (i.e. a linear subtraction between the two).
Using this method, face and word-selective areas are identified by contrasting
faces > objects and words > objects, separately. Additionally, a lateralization
index (LI) is often used to describe the degree of cerebral laterality for a given
contrast map. Using fMRI univariate measure of LIs, two recent studies
questioned whether the left lateralized visual word processing is interdependent
on and predicts the right lateralized face processing (Davies-Thompson,
Johnston, Tashakkor, Pancaroglu, & Barton, 2016; Gerrits, Van der Haegen,
Brysbaert, & Vingerhoets, 2019). Such findings raise the question about what is
truly reflected of the relationship between the opposite cerebral laterality of words
and faces. It should be noted that univariate fMRI is limited to brain responses at
the category-level, unlike the behavioral VHF paradigm which measures

discrimination at the exemplar-level.
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In contrast to fMRI univariate analysis, fMRI multivariate pattern analysis (MVPA)
provides more fine-grained details of the information the brain carries by studying
the pattern of neural responses related to specific tasks or mental states (Haxby
et al., 2001; Norman, Polyn, Detre, & Haxby, 2006). The decoding approach of
MVPA takes advantage of machine learning in pattern classification to predict
mental states from observed brain response patterns (Cox & Savoy, 2003). The
alternative approach—representational similarity analysis (RSA)—examines the
relations among different representational spaces, such as neural response
patterns, behavioral data, and computational models (Kriegeskorte, Mur, &
Bandettini, 2008). In particular, multivariate analysis is capable of measuring the
neural representation of objects discriminated at the exemplar-level, which is tied
to the nature of behavioral visual hemifield studies and neuropsychological
studies of prosopagnosia and dyslexia, unlike the limitation of univariate analyses
at the category-level. Previous fMRI MVPA studies on both within-category face
and word recognition have shown right lateralized face representation (Anzellotti
et al., 2014; Axelrod & Yovel, 2015; Guntupalli, Wheeler, & Gobbini, 2017; Nestor
et al., 2011) and left lateralized word representation (Baeck et al., 2015; Fischer-
Baum et al., 2017; Nestor et al., 2013). Thus, in the current study, it is possible to
investigate the corresponding multivariate lateralization of faces and words, and

the effect of visual hemifield on within-category object discrimination.
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1.5 Specific aims

Cerebral lateralization is a particular instance of asymmetric functional
topography between the two hemispheres. Despite a large body of literature on
laterality of visual processing, the nature of cerebral lateralization in the vOT, and
its relationship to visual object recognition performance, is still poorly understood.
To fill this gap in knowledge, we will study the visual processing of objects that
exhibit opposite lateralization. Specifically, we will focus on the relationship
between face recognition and word recognition, which exhibit right and left
lateralization, respectively. The proposed studies will involve combining
behavioral and neuroimaging (fMRI) methods, the latter of which allow for the
most definitive measures of cerebral laterality and neural function during object

recognition.

The central hypothesis is that cerebral lateralization is associated with
asymmetric sensitivities across the visual hemifield (most notably, differences
between the right and left visual hemifields), and such asymmetries can be
measured both behaviorally and neurally. We reasoned that, from preliminary
behavioral and fMRI results, clear laterality of visual function is related to word
and face recognition, but not for other kinds of visual objects. Results from the
proposed project will further our understanding of the gross functional

organization of vOT and, for the first time, establish methods for directly relating
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behavioral measures of laterality to advanced fMRI measures of visual sensitivity

to objects viewed in different locations in the visual hemifield.

We will test our central hypothesis in the following two specific aims:

Aim 1: Examine the relationship between behavioral, fMRI univariate, and

multivariate analyses of lateralization during face and word recognition.

Aim 2: Examine the relationship between “hemifield advantages” in visual object
recognition and lateralized fMRI responses in the vOT. We will test our
hypothesis of opposite lateralized category-related areas by combining

behavioral, fMRI univariate, and multivariate analyses.
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Chapter 2 — Discrimination of words and its visual hemifield effect

2.1 Overview

In this chapter, we investigated the neural representation of within- and between-
category discrimination of words, viewed at different visual field locations. The
central question concerns the extent to which different regions of ventral visual
cortex, both within and between the two hemispheres, contribute to the
processing of words viewed in different visual field locations. In two experiments,
subjects either viewed three different words presented in the center, or in the left
or right visual hemifield. In a center word (here referred to centrally viewed word)
experiment, we examined the left lateralization of words in fMRI univariate and
multivariate results, and their relationship to the behavioral VHF result. We
primarily focused on within- and between-category classification performance in
the vOT, and compared univariate and multivariate laterality of vOT. We
hypothesized that left VWFA would be able to discriminate word exemplars (see
Figure 1a for predicted results), consistent with previous findings. In addition, it is
possible that the performance in the behavioral VHF study corresponds to the
fMRI multivariate within-category discrimination of words, but not to the fMRI
between-category results. Finally, we explored the possibility of within-category
classification in other non-word specific regions of the brain in the current

experiment.
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In the following VHF word (here referred to peripherally viewed word)
experiment, we investigated the neural basis of the right visual hemifield (RVF)
advantage for word recognition. Our primary interest was to examine possible
hemispheric differences in representing within-category information presented in
the contralateral and ipsilateral VHF. We hypothesized two possible outcomes of
the multivariate within-category classification (demonstrated in Figure 1b).
According to the location invariance view (L. Cohen et al., 2002; Dehaene &
Cohen, 2011), both LVF and RVF visual word form information are represented
in the left VWFA in which word individuation occurs. In contrast, the right
hemisphere is not involved in word-specific orthographic processing (Fischer-
Baum et al., 2017), and therefore, the LVF word information is processed in the
left hemisphere after the interhemispheric transfer (Brysbaert, 2004; Hunter,
Brysbaert, & Knecht, 2007; Monaghan & Shillcock, 2008). In this case, we
predicted that the within-category word classification should only be observed in
the left VWFA for both LVF and RVF words. We further speculated that the RVF
superiority could be reflected by the difference between contralateral and
ipsilateral exemplar-level decoding performance in the left VWFA (Figure 1b, left

panel).

Alternatively, it is also possible that both left and right hemispheres can
discriminate contralateral word exemplars in either RVF or LVF (Figure 1b, right
panel). This is consistent with the view of position sensitivity in the VWFA and

other portions of the vOT (Cichy, Chen, & Haynes, 2011; Cichy et al., 2013;
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Hemond et al., 2007; Kravitz, Kriegeskorte, & Baker, 2010; Rauschecker, Bowen,
Parvizi, & Wandell, 2012). Based on this view, both left and right vOT represent
more visual information for the contralateral than for the ipsilateral visual
hemifield. Consequently, visual word information might be fully processed in both
hemispheres but only for the preferred visual hemifield (contralateral). We further
predicted that both left and right VWFA might show comparable within-category
classification, or to a lesser degree in the right hemisphere. These predicted
results would support the view that RVF words superiority reflects the difference
in within-category classification between the dominant and non-dominant

hemispheres.

(a) Predicted results for center (b) Predicted results for VHF word experiment
word experiment

Word exemplar-level Word exemplar-level Word exemplar-level
14 14 1

05 + - -t --- -- 05+~ -t --- --

Classification accuracy
o
o
Classification accuracy
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Left VWFA Right VWFA Left VWFA Right VWFA Left VWFA Right VWFA
B Center = = Chance Level ®mmLVF C—IRVF = =Chance Level ®mm|VF C—JRVF = =Chance Level

Figure 1. Predicted results for within-category discrimination of the center and
visual hemifield (VHF) word experiments.

(a) The left VWFA encoded word information at exemplar-level, but not in the
right VWFA, in the center word experiment. This would be reflected by a
difference in the classification accuracy (y axis) of within-category decoding
between the left and right VWFA. (b) In the VHF word experiment, the VHF effect
on within-category discrimination could be revealed by the difference between
LVF and RVF decoding performance in the left VWFA (left panel) or by
contralateral decoding performance observed in both left and right VWFA (right
panel). The first prediction is consist with the hypothesis that fine-grained word
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information is encoded in the left VWFA. The second prediction is consist with
the hypothesis that word information is encoded in different hemisphere
depending on its location.

2.2 Methods

2.2.1 Participants

Thirteen subjects (6 females and 7 males; mean age 25.2 years, range 19-35
years) were recruited for all four experiments (two word experiments in chapter 2
and two face experiments in chapter 3). All the subjects had normal or corrected-
to-normal vision, and none of them had neurological or psychiatric disorders.
One additional female subject was excluded due to experiencing dizziness and
nausea in the MRI during the first scan session. All thirteen subjects completed
four scan sessions (~ 1 hour per session, took place between 3 weeks to 2.5
months) and were compensated with $50 for each visit. All subjects were
recruited from the University of Nevada, Reno, and the study with all consent
forms and experimental procedures was approved by the Institutional Review

Board of University of Nevada, Reno.

All subjects took the Edinburgh Handedness Questionnaire and were right-
handed (> 40; Oldfield, 1971). They were all literate native English speakers and

their verbal abilities were assessed by using the Wechsler Test of Adult Reading
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(WTAR; Wechsler, 2001). The predicted population standardized WTAR score is
99 (SD = 8). Except for one subject (WTAR score = 97), the standardized scores
of the remaining subjects were greater than 100. In addition, the face recognition
ability of each subject was assessed by using Glasgow Face Matching Test
(GFMT; Burton, White, & McNeill, 2010). All subjects showed above chance
GFMT performance with a group mean accuracy of 86.6% and a range from
70.9% to 96.4% correct. See Table 1 for more details of subject demographics

and results of the psychological assessments.

Furthermore, all subjects were selected from a large subject pool based on their
word and face laterality which were measured by replicating a previous
behavioral VHF study (Dundas et al., 2013). We tested one hundred right-
handed subjects using this paradigm and successfully replicated the previous
results. For the group-based mean performance, the accuracy for RVF words
(Mean = 87.8%, SE = 0.7%) was higher than LVF words (Mean = 84.0%, SE =
0.8%), {(99) = 7.28, p < 0.001, and the accuracy for LVF faces (Mean = 79.9%,
SE = 0.9%) was higher than RVF faces (Mean = 77.0%, SE = 0.8%), t(99) =
4.35, p < 0.001. For individual subjects, the RVF advantage for words was
observed in 87% of the subjects and the LVF advantage for faces was observed
in 71% of the subjects. This result indicates that words are more consistently

lateralized compared to faces.
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The thirteen subjects who participated in the fMRI experiments were further
selected based on the following criterion prior to MRI scanning. The criterion was
that each subject must show both RVF advantage for words and LVF advantage
for faces based on their task performance (i.e. accuracy difference between LVF
and RVF, Figure 2). We operationally defined the laterality using (RVF — LVF)
accuracies such that a positive value indicated a RVF advantage and a negative
value indicated a LVF advantage. As a result, all the thirteen subjects showed
higher accuracy for RVF words (Mean = 87.3%, SE = 2.0%) than LVF words
(Mean = 81.6%, SE = 2.3%), and higher accuracy for LVF faces (Mean = 83.1%,

SE =1.7%) than RVF faces (Mean = 77.9%, SE = 2.0%).

Table 1. Subject demographics and psychological assessment results

SubID Gender Age Edinburgh  WTAR GFMT
handedness standard score Accuracy (%)

1 F 21 80 118 75.0

2 F 27 100 113 90.4

3 F 29 80 117 89.3

4 F 24 90 120 96.4

5 M 35 50 119 85.7

6 F 25 90 113 90.5

7 M 28 100 121 89.9

8 M 34 50 127 91.7

9 F 22 80 107 84.5

10 M 20 60 112 86.9

11 M 19 80 101 85.7

12 M 24 100 110 70.9

13 M 20 100 97 89.3
Mean (SD) 25.2(5.2) 81.5(18.2) 113.5 (8.3) 86.6 (6.9)
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Figure 2. Behavioral lateralization index (LI) of individual subjects.
LI = ACCRVF - ACCLVF. Results from behavioral visual hemifield study were

used as a selection criterion for the current study. As a result, all subjects
showed RVF advantage for words (LI > 0) and LVF advantage for faces (LI < 0).

2.2.2 Stimuli

The stimulus set consisted of five images of three categories (Figure 3). There
were three different 4-letter real English words (Word), a 4-character Hebrew
string (Hebrew), and a 4-silhouette animal string (Animal). All three words were

nouns and had a word frequency between 30 and 50 (out of a million). To ensure
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that these three words were orthographically dissimilar, all words contained no
overlapping open-bigram between each pair of the three words
(http://www.pc.rhul.ac.uk/staff/c.davis/Utilities/MatchCalc/). We included two sets
of stimuli and each subject was randomly assigned to one of the stimulus sets
used in the two word experiments. All stimuli were displayed in black against a
gray background. Word and Hebrew stimuli were presented in Courier font.
There was a central fixation dot which subtended a visual angle of 0.1° x 0.1°,

and all stimuli subtended a visual angle of 5.5° x 1.5°.

(a) Word stimulus set 1

BONDNAVYWIRE 1N72N X"y

(b) Word stimulus set 2

CREWGOLF SKINO9ND 1 afefé

Figure 3. Stimuli used in the center and VHF word experiments.

All words in each stimulus set were highly dissimilar based non-overlap of
bigrams among them. Each subject was randomly assigned with one of the
stimulus sets to view in the two word experiments.
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2.2.3 Stimulus apparatus

All experiments were conducted using a 2.53 GHz MacBook Pro with an NVIDIA
GeForece 330 M graphics processor (512 MB of DDR3 VRAM). Stimuli were
created and presented using PsychtoolBox-3 (Brainard, 1997; Pelli, 1997) for
MATLAB (The MathWorks Inc., Natick, MA). Subjects viewed stimuli through a
mirror attached to the head coil which projects a 32 inch SensaVue (1920 x 1080
resolution; 31.5° x 18.9° visual angle; 85 Hz refresh rate) visual display system

(Invivo, Inc., Gainesville, FL) ~135 cm away outside of the scanner bore.

2.2.4 Main experiment scans

We used a rapid event-related fMRI design in the two word experiments: a center
and a VHF experiment. Here, the center refers to centrally viewed stimulus
presentation and the VHF refers to peripherally viewed stimulus presentation.
Each subject completed 10 runs of the center word experiment in the first scan
session and another 10 runs of the VHF word experiment in the second scan
session. The two sessions were collected on two separate days within four
weeks. Before each scan session, all of the subjects completed a full

experimental run to familiarize themselves with the stimuli and task.

In the center word experiment, all five stimuli were included and always

presented in the center of the screen. On each 6-sec trial, one of the stimuli was
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presented for 0.5 sec and followed by a 5.5-sec blank screen. A central fixation
dot was represented and the subjects were required to maintain their gazes to
the fixation dot throughout the whole run. All subjects were skilled and showed
good performance in the VHF behavioral experiment. The subjects were asked to
perform a 1-back memory task by pressing a button whenever they saw the
current stimulus repeated the previous one. Each stimulus was repeated four
times in a run, and there were four 1-back memory task trials. In addition, four
fixation trials were included. Thus, the center word experiment contained five
conditions: Word-1, Word-2, Word-3, Hebrew, and Animal. The 1-back memory
task trials were treated as a separate predictor of non-interest in fMRI general
linear models (GLM). Each run lasted for 168 sec, and the trial order was

counterbalanced and pseudo-randomized for each subject and each run.

In the VHF word experiment, only the three real English words and the animal
silhouette string were included. All stimuli were presented either in the LVF or in
the RVF. The inner edge of each stimulus was 1.5° and the outer edge was 7°
away from the center fixation dot. On each 6-sec trial, one of the stimuli was
presented for 0.3 sec and followed by a 5.7-sec blank screen. The fixation dot
always appeared in the center of the screen. Subjects performed the same 1-
back memory task as in the center word experiment. Each stimulus was repeated
eight times in a run, with half of the trials presented in the LVF and the other half
presented in the RVF. Again, we included four 1-back memory task trials and

four fixation trials. Thus, the VHF experiment employed a 4 (Word-1, Word-2,
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Word-3, and Animal) x 2 (LVF and RVF) factorial design. Similarly, the 1-back
task memory trials were treated as a separate predictor of non-interest in fMRI
GLMs. Each run lasted for 240 sec, and the trial order was counterbalanced and

pseudo-randomized for each subject and each run.

2.2.5 Localizer scans

We identified the regions of interest (ROIs) for each individual subject in a mini-
block based functional localizer experiment. This experiment was performed after
the center word experiment in the first scan session. Stimuli were 2-D grayscale
images (~16° x 16° for all stimuli, Figure 4) consisting of pseudowords, faces,
houses, cars, instruments, and phase-scrambled images (Adopted from Stigliani
et al., 2015). Each mini-block lasted for 4 sec, and eight images of the same
category were on for 0.4 sec and off by 0.1 sec in each block. Subjects
performed a 1-back memory task in the scanner and the task trials occur in 2 of
blocks in each run. Each run consisted of 54 blocks and 9 blocks per each
stimulus category, and the block order was counterbalanced and pseudo-

randomized across runs. All subjects completed 3 runs of the functional localizer.




31

Figure 4. Stimuli used in the functional localizer experiment.
Six different categories of stimuli included pseudowords, faces, houses, cars,

instruments, and phase-scrambled images. All stimuli were adopted from
Stigliani et al. (2015).

2.2.6 fMRI data acquisition

The experiment was conducted at the Renown Regional Medical Center (Reno,
NV) using a 3T Philips Ingenia MRI system equipped with a 32-channel digital
SENSE head coil. Continuous whole-brain BOLD signals were collected using
T2*-weighted echo-planar functional images (TE = 17 msec, TR = 2 sec, flip
angle = 77°, 36 axial slices, ascending acquisition, 3 mm?, 3 mm thickness, no
gap, ascending, matrix size = 84 x 84, field of view = 255 x 255). Dummy scans
were collected for a minimum of 10 sec at the beginning of every run to allow for
stabilization of the magnetic field. High-resolution anatomical images were
obtained using a 3-D T1-weighted gradient echo pulse sequence (TE = 4.60
msec, TR = 3 sec, flip angle = 8°, resolution = 1 x 1 x 1 mm, matrix size = 256 x
256) and were used for anatomical reconstruction of the cortical hemisphere

surfaces.

2.2.7 Data analysis
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All anatomical and functional data were preprocessed and analyzed using
Brainvoyager (v20.6, Brain Innovation, The Netherlands), Neuroelf
(http://neuroelf.net), GLMdenoise package (http://kendrickkay.net/GLMdenoise),
LI-Toolbox (https://www.medizin.uni-
tuebingen.de/kinder/en/research/neuroimaging/software/), LIBSVM
(https://www.csie.ntu.edu.tw/~cjlin/libsvm), and custom codes in MATLAB

(R2016a).

2.2.8 Preprocessing

We performed corrections for slice scan time, head motion (always < 3 mm), and
low-frequency artifactual drift (linear trend removal and high pass filter of 2
cycles/run); each functional volume for a given participant was aligned to the
functional volume collected closest in time to the anatomical volume. Functional
data were superimposed on anatomical brain images, aligned on the AC-PC
line, transformed into Talairach space (Talairach, Rayport, & Tournoux, 1988),
and co-registered with the anatomical image for each participant. Talairach
transformation was performed using standard BVQX procedures (Goebel, 1996).

No spatial smoothing was applied to individual functional data.

2.2.9 Univariate analyses
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Predictors (regressors) were generated using a standard two-gamma that were
convolved with a hemodynamic response function (Boynton et al., 1996). At the
individual-level, Beta weights of all predictors were estimated from separate
fixed-effects standard GLMs for each participant and each run. For group-level
analyses, a 4 mm FWHM Gaussian kernel smoothing was applied for combining
functional data across individual participants using a random-effects GLM (RFX-

GLM).

For the center word experiment, we estimated the GLM with six predictors: three
Words, one Hebrew, one Animal, and one 1-back memory task trials. To
examine univariate BOLD responses, beta weights were calculated by averaging
across beta weights of all voxels in each ROI. The beta weights of the three
Word predictors were combined into an averaged beta value for the Word
condition. For the VHF experiment, we estimated GLM with nine predictors: three
LVF Words, one LVF Animal, three RVF Words, one RVF Animal, and one 1-
back memory task trials. Again, we combined the beta weights of the three LVF
Words and three RVF Words predictors into two averaged beta values for the

LVF Word and RVF Word conditions.

2.2.10 Multivariate analyses

The preprocessed functional data were further analyzed using GLMdenoise (Kay,

Rokem, Winawer, Dougherty, & Wandell, 2013). The GLMdenoise applied a
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principal component analysis (PCA) to estimate correlated noise that is
uncorrelated to the experimental task. The estimated noise was then further
treated as predictors of non-interest in the GLM to generate new estimates of
beta. Recently, this approach demonstrates improvement especially for
multivariate fMRI data (Charest, Kriegeskorte, & Kay, 2018). In the current
experiment, we split the 10 functional runs into odd and even runs, and the
GLMdenoise was applied separately to the odd and even runs. The denoised
betas of all voxels for all experimental conditions were then subjected to the
multivariate analyses for individual subjects. These betas were normalized by
subtracting the mean across conditions for each voxel and divided by their
standard deviation. A binary linear classification supporting vector machine
(SVM) classification with an odd/even partitioning cross-validation was carried
out and the LIBSVM with C = 1 was implemented. A leave-one-run-out scheme
was not used here because, by removing correlated noises, GLMdenoise added
correlation across runs. As a result, the independence of training and testing data
sets was not guaranteed. Therefore, the SVM classifier was trained on either the
odd or even runs, and was tested on the remaining independent even or odd

runs.

Figure 5 shows all the multivariate analyses that were carried out for the center
word experiment. There were four different pair-wise classifications: 1) Word
Exemplar, 2) Word vs. Hebrew, 3) Word vs. Animal, and 4) Hebrew vs. Animal.

The Word Exemplar classification examined the within-category discriminability
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of different words and the other three classifications examined the between-
category discriminability for each specific stimulus pair. The resulting
classification accuracies for all pairs were averaged across based on their
corresponding classifications. For the VHF word experiment, we investigated a
total of eight pair-wise classifications: 1) LVF: Word Exemplar, 2) RVF: Word
Exemplar, 3) LVF: Word vs. Animal, 4) RVF: Word vs. Animal, 5) Cross Location:
Word Exemplar, 6) Cross Location: Word vs. Animal, 7) Word: LVF vs. RVF, 8)
Animal: LVF vs. RVF. More details of these classifications are later described in

the results section.

B Word Exemplar

Il Word vs. Hebrew
M Word vs. Animal
H Hebrew vs. Animal

BOND

NAVY

WIRE

I 2

Llas )

BOND[NAVY|[WIRE|[x N2 [tx’ 9%

Figure 5. Schematic of pair-wise decoding in the center word experiment.

Discrimination of Word Exemplar in three pair-wise classifications is labeled by
the green. Discrimination of Word and Hebrew in three pair-wise classifications is
labeled by the light blue. Discrimination of Word and Animal in three pair-wise
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classifications is labeled by blue. Discrimination of Hebrew and Animal in one
pair classification is labeled by the dark blue.

A group-level nonparametric statistical test on the final classification accuracies
was carried out using a permutation approach as in a previous study (Erlikhman
& Caplovitz, 2017). For each individual subject, 10,000 null hypotheses of each
pair-wise classification accuracies were estimated by randomizing the labels for
the training data set. Then, these classification accuracies were averaged across
classes and subjects, yielding a classification chance-level distribution of 10,000
group-average accuracies. For each type of classification, the numbers of
permutation accuracies that were greater (one-tailed) than the real observed
group average accuracy was counted (i.e. n). Thus, the permuted p value was
calculated using the formula: (n + 1) / (10000 + 1). The family wise error was
controlled by using Bonferroni correction (# of comparisons = # of ROls x # of

Classifications).

Furthermore, we also investigated the whole-brain multivariate patterns using a
searchlight approach (Kriegeskorte, Goebel, & Bandettini, 2006) to provide more
insight into possible difference of within and between-category discrimination of
words and non-word stimuli in different brain regions. At the individual subject
level, the denoised betas within a 9 mm radius sphere (~ 123 voxels) in the
volume space were extracted. The linear SVM classification accuracy was

assigned to the center voxel of this sphere. This procedure estimates
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classification accuracies for all voxels within a whole-brain mask. The
classification schemes were identical to that adopted for the ROI multivariate
analyses in a pair-wise manner (mentioned above). The resulting individual
subject whole-brain information maps for different classifications were first
smoothed using a 4 mm FWHM Gaussian kernel and then tested for statistical
significance against the 50% chance classification level crossed subjects using
one-sample t test (one-tailed). The statistical threshold of all group-level
searchlight maps was set at voxel-wise p < 0.05 and p(FWE) < 0.05 cluster
corrected, determined by AlphaSim, a Monte-Carlo approach with 10,000

permutations which controls for Type | Error, implemented in NeuroElIf.

2.2.11 Lateralization index

For each participant, LIs were calculated using the LI toolbox (Wilke & Lidzba,
2007; Wilke & Schmithorst, 2006), for statistical maps reported in our group-level
analyses. These maps were masked to include a large region of the vOT mask
within a box ranging between -60 and 60 of the x axis, -70 and -20 of the y axis,
and -25 to 0 of the z axis (Talairach Coordinates), and excluding voxels £ 11 mm
from the midline. LIs were defined using the formula:

2. Voxelsjere — X Voxelsyight
~ Y Voxelsje + . Voxelsyight

The LI toolbox used a bootstrap algorithm to compute 10,000 Lls at a given

threshold, for 20 different thresholds varying equally between 0 and the



38

maximum t-value. For each individual-level contrast, LIs were calculated by
averaging the middle 50% of the bootstrapped LIs (excluding the upper and
lower 25% LI values). This LI is robust to outliers and serves as a threshold-free
measurement of cerebral laterality. The LI ranges between -1 and 1, and the
laterality is indicated by LI > 0.2 (left lateralized), LI <-0.2 (right lateralized), or LI

between -0.2 and 0.2 as no lateralization (Jansen et al., 2006).

2.3 Results: Functional localizer

All ROls were performed and defined at the individual subject level. The group-
level functional localizer results are shown in Figure 6, and the mean voxel
coordinate and size of each ROl are summarized in Table 2. The word, face, and
house selective regions were identified by contrasting each category with the
remaining five stimulus categories (including cars, instruments, and phase-
scrambled images). We then applied a bounding cube (20 x 20 x 20 mm)
centered at the peak voxel of each ROI, and a cluster of voxels survived at
q(FDR) < 0.05 ~ 0.005 were included as the ROI for that category. The VWFA
and FFA (L. Cohen et al., 2002; Kanwisher et al., 1997) were constrained to
clusters located at anatomical landmark regions consisting of the fusiform gyrus
and inferior occipitotemporal sulcus. The OWFA and OFA (Gauthier, Tarr, et al.,
2000; Stigliani et al., 2015; Strother et al., 2016) was constrained to clusters
located within the occipital lobe. The PPA (Epstein & Kanwisher, 1998) was

constrained to cluster located at the parahippocampal gyrus and collateral
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sulcus. In a subset of the 13 subjects, the right VWFA and left FFA did not
survive at FDR correction. We then used a liberal threshold (p < 0.01 ~ 0.001,
uncorrected) to identify the peak voxel for that ROl and a minimum of 20 voxels
was included for the ROI to ensure reliable multivariate analysis (Axelrod &
Yovel, 2015; Spiridon & Kanwisher, 2002). Using these criteria, we were able to
identify and isolate bilateral VWFA, FFA, and PPA in non-overlapping clusters in
both the left and right vOT (see group-level results in Figure 6). For several
subjects, we did not observe the left OWFA or right OFA even at a liberal
threshold, and in some other cases, the OWFA and OFA were highly overlapped
with each other. Therefore, we only defined a left OWFA and a right OFA as a
pair of mirror-symmetrical counterparts located in each hemisphere (Strother et

al., 2016; Strother et al., 2017).

The LO and pFus (Grill-Spector, Kushnir, Hendler, & Malach, 2000; Malach et al.,
1995) were defined by contrasting cars and instruments with phase-scrambled
images. Because the LO and pFus usually extend to a much larger area than
other ROls, we increased the bounding cube size to 30 x 30 x 30 mm?, at
q(FDR) < 0.05 ~ 0.005. Our results showed that the LO usually shared some
voxels with the OWFA or OFA (Figure 6), and the pFus usually shared some
voxels with the word and face-sensitive regions posterior to VWFA or FFA
(Figure 6, pFus-word and pFus-face). It should be noted that, all individual
defined pFus did not extend to middle fusiform gyrus (mFus) and thus did not

overlap with the VWFA or FFA. In addition, another cluster that showed sensitive
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to objects was bilateral mFus object-sensitive regions, and located between and

overlapped with both FFA and PPA (Figure 6).

A final analysis of the LIs of all four stimulus categories for individual subjects
was performed. As shown in Figure 7, all thirteen subjects exhibited left
lateralization for words (all individual LIs > 0.2, and ranged between 0.58 and
0.88). However, the face LIs showed a relatively weak right lateralization and
large variability as compared to the word Lls. The mean LI for faces was -0.28,
but it was not significantly difference from -0.2, {(12) = 0.70, p = 0.25 (one-tailed).
Of all thirteen subjects, one subject exhibited strong left lateralization and four
subjects showed not lateralization (LIs between -0.2 and 0.2). In addition, we did
not observed lateralization for both houses (Mean =-0.16, SE = 0.06) and

objects (Mean =-0.06, SE = 0.12) Lls.
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bFus-Word

Lateral

Figure 6. Group-level results of the functional localizer.

The results clearly showed a left visual word form area (VWFA) and a right
fusiform face area (FFA) in the middle fusiform gyrus of the left and right
hemisphere. Both word and face sensitive regions in the posterior fusiform gyrus
(pFus) was highly overlapped with the object defined pFus. In the occipital
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cortex, the object defined lateral occipital (LO) region encompassed the occipital
word form area (OWFA) in the left hemisphere and the occipital face area (OFA)
in the right hemisphere. House-selective region, parahippocampal place area
(PPA), was located at the medial bank of the ventral occipitotemporal cortex
(vOT). Upper panel: ventral view; lower panel: lateral view. Word, face, house,
object-sensitive ROIs are highlighted in blue, orange, dark blue, and green

colors.

Table 2. Cluster center Talairach coordinates and cluster size of individual ROls

for all subjects (Mean £ SD).

Side ROI X y z # of voxels

LH VWFA -424(3.6) -486(8.1) -13.3(3.3) 118.4 (36.5)
FFA -38.0(4.1) -46.6(4.9) -17.4(2.9) 72.6 (26.1)
PPA -26.1(1.6) -43.8(3.8) -9.5(2.8) 107.0 (38.6)
pFus -40.0(4.3) -65.4(4.6) -125(2.6) 226.7 (95.8)
LO -36.9(3.4) -81.3(4.5) -46(4.8) 193.8 (56.7)
OWFA -35.8(5.2) -78.7(54) -10.5(3.3) 80.2(45.5)

RH VWFA 38.7(5.1) -50.5(6.7) -12.2(2.5) 37.0 (13.2)
FFA 36.6 (3.6) -43.8 (6.8) -15.7(3.2) 151.4 (41.2)
PPA 25.1 (2.1) -43.9(7.2) -10.0(1.8) 101.9 (26.3)
pFus 37.8 (3.7) -64.8 (3.6) -13.9(3.6) 246.5(108.0)
LO 35.5(4.4) -79.5(3.8) -2.1(4.8) 196.3 (51.4)
OFA 35.4 (5.3) -76.0 (6.3) -10.8(4.7) 96.0 (27.6)
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Figure 7. Lateralization index of individual subjects based on word and face
activation from the functional localizer.

Consistent left lateralization for words was found in all 13 subjects. However, the
right lateralization for faces was not observed in all 13 subjects. Instead, one

subject shows strong left lateralization and four subjects exhibit no lateralization
for faces. LI > 0.2, left lateralization; LI < -0.2, right lateralization.

2.4 Results: Center word experiment

2.4.1 Univariate ROI analyses
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Figure 8 shows the results of direct comparisons on beta weights between
category (Word, Hebrew, and Animal), hemisphere (left and right), and ROI
(VWFA, FFA, PPA, pFus, LO, OWFA/OFA). A three-way repeated measures
ANOVA revealed a main effect of category, F(2, 24) = 7.86, p = 0.002, a main
effect of ROI, F(5, 60) = 12.51, p < 0.001. We also observed an interaction
between category and hemisphere, F(2, 24) = 9.10, p = 0.001, an interaction
between category and ROI, F(10, 120) = 3.08, p = 0.002, an interaction between
hemisphere and ROI, F(5, 60) = 2.82, p = 0.024, and a three-way interaction,
F(10, 120) = 1.96, p = 0.044. Follow-up one-way repeated measures ANONAs
were conducted separately for the category in each ROl and hemisphere.
Interestingly, we did not observe a main effect on category in the left VWFA, F(2,
24) = 0.48, p = 0.62. This result suggests no univariate word selectivity in the left
VWFA and thus contradicts with several previous findings that show unique
selectivity to words in the left VWFA (Baker et al., 2007; L. Cohen et al., 2002).
However, this result is consistent with the view that the VWFA is not specialized
for words (Price & Devlin, 2003; Seghier & Price, 2011; Vogel et al., 2012) and it
shows equal sensitivity to Hebrew and Animal stimuli. In our previous study, we
found that the left VWFA exhibited repetition suppression to both word-like
(Japanese characters) and non-word (Animal silhouettes) stimuli supporting the
later view of sensitivity in the left VWFA to non-word specific stimuli, but we also
found greater repetition suppression for words than for non-word stimuli and non-
word stimuli. Finally, except for the left and right PPA, we found greater fMRI

responses to Animal than to Word in the right VWFA, bilateral FFA, pFus, LO,
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and OWFA/OFA, indicating generic shape sensitivity to non-word stimuli than to

words.

Beta Weights
O = N W A OO N ©

VWFA FFA PPA pFus LO OWFA | VWFA FFA PPA pFus LO OFA
Left Hemisphere Right Hemisphere

mWord mHebrew ®mAnimal

Figure 8. Results from univariate ROl analyses of the center word experiment
showed no word selectivity in word-specific regions.

No region showed significant word selectivity (including the left VWFA and
OWFA). In contrast, several regions yielded greater fMRI responses to Animal
than to Word, including right VWFA, bilateral FFA, pFus, LO, and OWFA/OFA.
Bilateral PPA showed lowest fMRI responses and did not differ between the
three types of stimuli. These results suggest that the Word, compared to Hebrew

and Animal, do not elicit more univariate fMRI responses in word-specific
regions. X, significant main effect of stimulus category.

2.4.2 Univariate whole-brain analyses

In the following whole-brain analyses of all thirteen subjects, we first applied a
contrast between Word > Animal to identify regions that may show greater brain
responses to Word than to Animal. However, we did not find any cluster was
activated even at a liberal threshold of p < 0.01, voxel-wise. Instead, we only

observed several regions in the left and right vOT that showed greater brain
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activations to Animal than to Word (Figure 9a). This is consistent with the result
of the ROl analyses that most brain regions showed equal responses to words
and non-word stimuli. On the contrary, there were more voxels in the right
hemisphere than in the left hemisphere which showed greater fMRI responses to
Animal than to Word, which might indicate greater non-word preference in the

right hemisphere.

Figure 9b shows and ensures that there were extensive fMRI univariate
responses to words in vOT including the left VWFA, and also beyond the visual
system including the left inferior frontal gyrus (IFG), left precentral gyrus (PCG),
left insula, and left inferior parietal sulcus (IPS). In short, we observed that ventral
visual cortex exhibited sensitivity to words, but more importantly, it was not
limited to word stimuli and showed similar responses to non-word stimuli. Lastly,
we found that the ventral visual cortex was right lateralized for non-word objects
(Figure 9a), but it was not left lateralized for words (Word > Fixation, LI = -0.012).
However, left lateralization for words was found outside the visual cortex

including the left IFG, insula, PCG, and IPS (Figure 9b, upper right small brain).
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(a) Animal > Word (b) Word > Fixation
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Figure 9. Group-level results of the center word experiment show no word
selectivity nor left lateralization for words in the vOT.

(a) Greater object sensitivity was observed in the vOT. (b) Word > Fixation
contrast yielded large clusters that activated in both left and right vOT, including
the left VWFA. These results indicate no word selectivity nor left lateralization for

words in the vOT. The black dash outline indicates the left VWFA from the
functional localizer (Figure 6).

2.4.3 Multivariate ROl analyses

The primary goal of this experiment was to investigate whether within- and
between-category discriminating of words can be found in vOT, especially in the
left VWFA. Despite that previous studies have shown the left vOT, the left VWFA
in particular, contains information that could discriminate word exemplars (Baeck

et al., 2015; Nestor et al., 2013), between real words and pseudowords (Stevens
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et al., 2017), between word and word-like global forms (e.g. false font; Nestor et
al., 2013), and between words and non-word stimuli (Nordt et al., 2018; Xu,
Jiang, Ma, Yang, & Weng, 2012), the current experiment was the first to examine
the discrimination of word-exemplars in a single experiment with all subjects
showing behavioral lateralization for words. This further allowed us to compare
the possible laterality of within- and between-category specific multivariate spatial

patterns in the brain.

First, we assessed the discrimination performance of the four types of
classifications in each ROI that contained within- or between-category
information for words viewed in the center. The results of all discrimination
performance were shown in Figure 10. A Bonferroni correction was applied to
control for multiple comparisons (corrected p = p(permutation) x 48 comparisons;
corrected p = 1 when p(permutation) x 48 comparisons > 1). For within-category
classification, we found above-chance decoding of Word Exemplar in the left
VWFA (p = 0.0048) and left pFus (p = 0.0048). No significant Word Exemplar
decoding was observed in the remaining ROIs (all ps = 1.0). For between-
category classification, successful decoding between Word and Hebrew was
found in the left VWFA (p = 0.0048) and right FFA (p = 0.014); decoding between
Word and Animal was found in most ROls (all ps < 0.02) except for bilateral PPA;
and lastly, successful decoding between Hebrew and Animal was found in left
FFA, bilateral pFus, bilateral LO, and right OFA (all ps < 0.01). Taken together,

between-category classification for words was not only observed in word-
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selective regions, but other non-word selective regions also contained category
information for discriminating of words and non-word stimuli. Finally,
discriminating of global forms (i.e., Word vs. Hebrew) recruited difference brain

regions than discriminating of Word and Animal stimuli.
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Figure 10. Results from multivariate ROl analyses of the center word experiment
showed a left lateralization for within-category discrimination of words.

Both left VWFA and left pFus showed significant decoding of Word Exemplar
(highlighted by red color). However, no other region, including the right VWFA
and right pFus, showed successful decoding of Word Exemplar, suggesting a left
lateralization of within-category decoding for words. Decoding of Word and
Hebrew was observed in the left VWFA and right FFA. Decoding of Word and
Animal was observed in all ROls except for bilateral PPA. Decoding of Hebrew
and Animal was observed in object-sensitive regions in both hemispheres except
for bilateral PPA. In short, PPA does not contain word information and between-
category decoding of words was observed in both hemispheres. %, p < 0.05,
Bonferroni-corrected.

2.4.4 Multivariate whole-brain searchlight analyses
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We used searchlight analyses to identify brain regions carrying information for
discriminating within- and between-category of words and non-word stimuli. This
procedure provides information, in addition to pre-defined ROls, which allowed
us to compare the whole-brain patterns between within- and between-category
classifications. Finally, we proposed to examine multivariate lateralization based
on the resulting searchlight information maps. Note that due to low sample size
(N = 13), the searchlight result may suffer from low statistical-power and the
resulting information maps thus may be inflated. However, one of the purposes
for adopting searchlight analyses was that it could serve as a verification to the

multivariate ROl analyses, which on the other hand, did not suffer low-power.

At the word exemplar-level (Figure 11a), significant decoding was found in vOT,
including bilateral early visual cortex, and left mFus and pFus, and regions
outside ventral visual cortex, including bilateral precentral and postcentral gyrus,
bilateral inferior parietal sulcus, posterior cingulate cortex, medial frontal gyrus,
and right anterior temporal lobe. The lateralization analysis using LI-toolbox
within a vOT mask showed left lateralization (LI = 0.59) for decoding of word

exemplars.

At the word category-level, significant decoding of Word and Hebrew, shown in
Figure 11b, was found in bilateral early visual cortex, bilateral mFus, bilateral
anterior fusiform gyrus (aFus), bilateral occipital temporal lobe, medial frontal

gyrus/anterior cingulate cortex, PCC, bilateral PCG, and precuneus, The
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lateralization analysis suggested no laterality of decoding between Word and
Hebrew in vOT (LI = 0.034). Decoding between Word and Animal (Figure 11c)
was found in a large cluster in the vOT, peaking in mFus and pFus, and
extending to the anterior temporal lobe. Beyond visual cortex, significant
decoding was found in bilateral PCG, bilateral IPS, left middle temporal gyrus,
and left IFG. Again, there was no lateralization in the searchlight map (LI =
0.025). Finally, decoding between Hebrew and Animal (Figure 11d) was found in
bilateral vOT, including the fusiform gyrus, LO, and early visual cortex, and
beyond visual cortex, including the left IFG, left PCG, left IPS, and left MTG.
Right lateralization (LI = -0.28) was observed for decoding of Hebrew and Animal

in the vOT.
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Figure 11. Results from group-level searchlight analyses of the center word
experiment showed a left lateralization for within-category discrimination of
words.
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(a) Decoding of Word Exemplar was observed in the left VWFA and pFus in the
vOT, consistent with ROI analyses. (b) Decoding of Word and Hebrew is
observed in the vicinity of the left VWFA, and also in bilateral anterior fusiform
and medial temporal lobe. (c¢) Decoding of Word and Animal is observed in an
extensive cluster in bilateral vOT. (d) Decoding of Hebrew and Animal is
observed in bilateral vOT and exhibits right lateralization. In short, all between-
category decoding of words recruit both left and right hemispheres. The black
dash outline indicates the left VWFA from the functional localizer (Figure 6).

2.5 Results: VHF word experiment

2.5.1 Univariate ROl analyses

In the VHF word experiment, we investigated the VHF effect in the context of
words viewed in either LVF or RVF. Our primary goal was to examine the
relationship between behavioral, and fMRI univariate and multivariate VHF
effects. Figure 12 shows the univariate results from the VHF word experiment. A
four-way repeated measures ANOVA for VHF (contralateral and ipsilateral),
category (Word and Animal), hemisphere (left and right), and ROI (6 levels) was
performed and followed by separated two-way ANOVAs for VHF (contralateral
and ipsilateral) and category (Word and Animal). In the first four-way ANOVA, we
found a main effect of VHF, F(1, 12) = 50.12, p < 0.001, and a main effect of
ROI, F(5, 60) = 5.24, p < 0.001. In addition, there was an interaction between
VHF and category, F(1, 12) = 15.87, p = 0.002, an interaction between category
and hemisphere, F(1, 12) = 10.56, p = 0.007, and an interaction between VHF

and ROI, F(5, 60) = 12.49, p < 0.001.
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The follow up two-way ANOVAs were conducted separately for the twelve ROls,
regions that contained contralateral bias (main effect of VHF) were observed in
the left FFA (F(1, 12) = 5.48, p = 0.037), left pFus (F(1, 12) = 17.90, p = 0.001),
left LO (F(1, 12) = 18.67, p = 0.001), left OWFA (F(1, 12) = 7.84, p = 0.016), right
VWFA (F(1, 12) = 15.96, p = 0.002), right FFA (F(1, 12) = 22.56, p < 0.001), right
PPA (F(1, 12) = 5.09, p = 0.044), right pFus (F(1, 12) = 15.45, p = 0.002), right
LO (F(1, 12) = 36.83, p < 0.001), and right OFA (F(1, 12) = 13.01, p = 0.004).
Regions that showed different fMRI responses between Word and Animal were
found in the left VWFA (F(1, 12) = 5.43, p = 0.038), right FFA (F(1, 12) =7.07, p
= 0.021), and right PPA (F(1, 12) = 6.08, p = 0.03). None of the twelve ROls
showed significant interaction between VHF and category (all ps > 0.1). In short,
these univariate results clearly showed that the left VWFA was not sensitive to
the word location, however, several non-word selective regions exhibited

contralateral bias for words and non-word stimuli.
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Figure 12. Results from univariate ROl analyses of the VHF word experiment
showed no VHF effect in the VWFA.
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The left VWFA showed greater fMRI responses to Word compared to Animal, but
the main effect of VHF was not significant. In contrast, the right FFA and PPA
showed greater fMRI responses to Animal compared to Word. In addition,
several regions exhibited contralateral biases (main effect of VHF), including
bilateral FFA, pFus, LO, OWFA/OFA. No interaction was found in any of the
regions. X, significant main effect of VHF; «, significant main effect of stimulus
category.

2.5.2 Univariate whole-brain analyses

In the whole-brain analysis, we first examined the univariate word VHF effect by
contrasting the LVF and RVF conditions. We found that both the left and right
vOT exhibited more fMRI responses to contralateral stimuli (Figure 13a).
However, the VHF effect was relatively weaker in the left vOT (indicated by
smaller cluster size in the left than in the right vOT), and even absent in the left
VWFA. Next, we identified voxels that showed a significant difference between
stimulus categories. For the LVF stimuli (Figure 13b), we only found voxels in the
right hemisphere that were more sensitive to Animal than to Word; and for the
RVF stimuli (Figure 13c), we again only found voxels in the left hemisphere that
were sensitive to Animal. Together with the ROI results, even though the left
VWFA showed greater responses to Word than to Animal, the category

selectivity was not dependent on the VHF.
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(a) Word: LVF > RVF (b) LVF Animal > Word (c) RVF Animal > Word
RVF > LVF
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Figure 13. Group-level results of the VHF experiment showed no VHF effect in
the VWFA.

(a) Contralateral activations were observed in bilateral vOT, but not in the left
VWFA. Both (b) and (c) show no word-selective responses in the vOT while
greater fMRI responses to Animal were observed contralateral hemispheres. The

black dash outline indicates the left VWFA from the functional localizer (Figure
6).

2.5.3 Multivariate ROI analyses

The primary goal of this experiment was to investigate whether within-category
and between-category discrimination of words depend on the location of the
stimuli. To identify the VHF effect on the performance of within-category
discrimination, we trained the LVF and RVF word pairs separately in two
classifiers and tested the performance of the classifiers on word exemplars in
either LVF or RVF (Figure 14a). The classification performance results are
shown in Figure 14b. A Bonferroni correction was applied to control for multiple
comparisons (corrected p = p(permutation) x 24 comparisons; corrected p = 1

when p(permutation) x 24 comparisons > 1).
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Figure 14. Within-category decoding of word exemplars was dependent on the
VHF.

(a) Schematic of within-category decoding procedure of Word Exemplar. We
trained classifiers to discriminate between a pair of words in either the LVF or
RVF, and tested their performance for the same pair of words in the same
location. (b) Results from multivariate ROl analyses of the VHF word experiment.
For RVF Word Exemplar (in light green), only the left VWFA showed significant
above-chance decoding, suggesting contralateral bias of within-category
discrimination for the left VWFA. For LVF Word Exemplar (in dark green),
interestingly, neither the left nor the right VWFA was able to decode. Significant
above-chance decoding was observed in both the left and right pFus among all
the ROls. These results demonstrate a dissociation between contralateral and
ipsilateral VHF words processing in vOT. %k, p < 0.05, Bonferroni-corrected.
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For RVF words, we found significant above-chance decoding of word exemplars
in the left VWFA (p = 0.0072). No significant decoding of RVF word exemplars
was observed in the other ROls (all ps = 1.0). For LVF words, to our surprise,
neither the left nor the right VWFA showed significant decoding for LVF word
exemplars (both ps = 1.0). However, successful decoding of LVF word exemplars
was observed in both the left (p = 0.0072) and right (p = 0.022) pFus. None of the
other regions showed significant above-chance decoding of LVF word exemplars
(all ps > 0.1). These results indicate a VHF effect on multivariate spatial
information for contralateral and ipsilateral within-category discriminations.
Furthermore, the findings of different regions that could discriminate LVF and
RVF word exemplars may suggest different mechanisms that drive the

contralateral and ipsilateral word recognition.

Next, we investigated the VHF effect on between-category information in each
hemisphere. We trained the LVF and RVF Word vs. Animal pairs separately in
two classifiers and tested the performance of the classifiers on the same
between-category pairs in either LVF or RVF (Figure 15a). Except for the
bilateral PPA and right VWFA, the other regions revealed significant decoding
between Word and Animal in both contralateral and ipsilateral VHF (Figure 15b).
We further examined whether category-level information depended on stimulus
location. A three-way ANOVA on classification performance for VHF
(contralateral and ipsilateral), hemisphere (left and right), and ROI (6 levels) was

conducted. The result revealed a main effect of VHF, F(1, 12) = 7.93, p = 0.016,
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a main effect of ROI, F(5, 60) = 8.72, p < 0.001, and an interaction between
hemisphere and ROI, F(5, 60) = 3.29, p = 0.011. The follow up two-way ANOVAs
on decoding accuracies were conducted for VHF and ROI in each hemisphere. In
the left hemisphere, only a main effect of ROl was observed, F(5, 60) = 8.71, p <
0.001. There was no evidence of VHF effect nor an interaction between VHF and
ROI (both ps > 0.2). This means that the left vOT holds equal contralateral and
ipsilateral category information. However, in the right hemisphere, we observed a
main effect of VHF, F(1, 12) = 9.06, p = 0.011, and a main effect of ROI, F(5, 60)
=4.71, p = 0.001. The interaction between these two showed a trend towards
significance, F(5, 60) = 2.05, p = 0.084. This result suggests that the right
hemisphere contains more contralateral than ipsilateral category-level

information.
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Figure 15. Between-category decoding of Word and Animal is dependent on the
VHF.

(a) Schematic of between-category decoding of Word and Animal. We trained
classifiers to discriminate between Word and Animal pairs in either the LVF or
RVF, and tested their performance for the same pairs in the same location. (b)
Results from multivariate ROI analyses of the VHF word experiment. Successful
decoding of stimulus category was found in most of the ROls, except for right
VWFA and bilateral PPA. In addition, a contralateral bias was observed in the
right hemisphere, but not in the left hemisphere. ¢, p < 0.1; %, p < 0.05,
Bonferroni-corrected.

We further investigated to which extent classification performance could carry
across location. To this end, we trained pairs of Word Exemplar or pairs of Word
and Animal in one VHF and tested the corresponding pair-wise classifier

decoding accuracies in the opposite VHF (Figure 16a). Results of this analysis
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are shown in Figure 16b. For within-category discrimination, none of the pre-
defined ROls yielded significant above-chance decoding. For between-category
discrimination, most of the ROls exhibited across location decoding of stimulus
category. This means that within-category word information does not generalize
across VHF, but between-category word information shows certain degrees of

tolerance to location.
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Figure 16. Within- and between-category decoding of words across VHF location.

(a) Schematic of the within- and between-category across location decoding. We
trained classifiers to discriminate between Word Exemplar, or between Word and
Animal in either the LVF or RVF, and tested their performance for the same pair
in the opposite VHF location. Results in each ROI collapsed with VHF. (b)
Results from multivariate ROI analyses of across location discrimination in the
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VHF word experiment. For within-category decoding, none of the ROls showed
significant above-chance decoding. In contrast, nearly all the ROls, except for
bilateral PPA, showed successful decoding of stimulus category between Word
and Animal. ¢, p <0.1; %, p < 0.05, Bonferroni-corrected.

Finally, we examined where the location information can be decoded in the vOT.
Thus, a classifier was trained and tested to discriminate whether Word or Animal
was presented either in the LVF or in the RVF (Figure 17a). The results are
shown in Figure 17b. The classifier for Word location showed successful
decoding of the word location in left and right VWFA. Despite that our univariate
results did not suggest location information in both left and right VWFA, the
multivariate analysis suggests a location sensitivity of the left and right VWFA,
which is consistent with the finding of a previous study (Rauschecker et al.,
2012). In addition, the current results also suggest that the posterior regions
contain more location information than those regions located more anteriorly.
This is in line with a large number of studies which suggest position invariance is

achieved along the ventral visual hierarchy from posterior-to-anterior.
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Figure 17. Decoding of Word and Animal location.

(a) Schematic of location decoding between LVF and RVF. We trained classifiers
to discriminate between LVF and RVF word stimuli, collapsed with all three word
exemplars, or between LVF and RVF animal stimuli, and tested their
performance for the same pair of stimuli. (b) Results from multivariate ROI
analyses of location decoding in the VHF word experiment. For decoding of word
location, bilateral VWFA contained location information of Word, but not for
Animal. In addition, location information was also observed in FFA and PPA.
Finally, the posterior ROls (e.g. pFus, LO, OWFA/OFA) were able to decode
location information of Word and Animal, and contained more location
information than these anterior ROlIs (e.g. VWFA, FFA, PPA). ¢, p<0.1; %k, p <
0.05, Bonferroni-corrected.

2.5.4 Multivariate whole-brain searchlight analyses
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Searchlight analyses were carried out separately for within- and between-
category discrimination of words in the LVF and RVF. For discrimination of LVF
Word Exemplar (Figure 18a), significant classification was observed in the
temporal parietal junction (TPJ), left PCG, left ATL, ACC, and bilateral pFus; and
for discrimination of RVF Word Exemplar (Figure 18b), significant classification
was observed in bilateral IPS, bilateral PCG, PCC, left LOC, and left mFus
(noted: not at cluster-level correction, 28 voxels < 35 voxels). These results were
consistent with the results from the ROl analyses that the RVF Word Exemplar
was decoding in the left VWFA and the LVF Word Exemplar was decoding in
both the left and right pFus. Moreover, the regions outside the visual system also
contain exemplar-level information and different regions are engaged in decoding
of LVF and RVF words. Additional hemispheric lateralization analysis showed
that the LVF Word Exemplar decoding was right lateralized (LI = -0.38) and the
RVF Word Exemplar decoding was left lateralized (LI = 0.70). This indicates a
contralateral bias for within-category word information in LVF and RVF, however,
such bias corresponds to different regions, the right pFus and left VWFA, in each

hemisphere.
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(@) LVF: Word Exemplar (b) RVF: Word Exemplar
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Figure 18. Results from group-level searchlight analyses of within-category
decoding in the VHF word experiment.

(a) Decoding of LVF Word Exemplar was observed in the left and right pFus in
the vOT, consistent with ROl analyses (Figure 14). In addition, this analysis
showed decoding of LVF word exemplars in other regions which were not limited
to the vOT. (b) Decoding of RVF Word exemplars was observed in the vicinity of
the left VWFA and also in regions outside vOT. This is also consistent with ROI
analyses in which only the left VWFA showed significant decoding of RVF Word
Exemplar (Figure 14). The black dash outline indicates the left VWFA from the
functional localizer (Figure 6).

Finally, we examined the VHF effect on the between-category information carried
in each hemisphere. For LVF category-level decoding (Figure 19a), a strong
contralateral bias was observed in a large extent of the vOT, that a larger cluster
of voxels in the right vOT showed significant decoding than in the left vOT. This

is consistent with the lateralization analysis, LI =-0.77, indicating strong right
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lateralization. Such contralateral bias also extended to the right dorsal visual
pathway including bilateral IPS. However, in the frontal regions, successful
decoding was found in the left IFG. For RVF category-level decoding (Figure
19b), a strong contralateral bias was also observed in a large extent of the vOT
and the LI of this information map was 0.52, indicating left lateralization. In
addition, there were more clusters in the left superior temporal gyrus than in the
right. We also found that the left IFG and PCG contained category information,

but it was relatively weaker than those in the LVF between-category decoding.

(a) LVF: Word vs. Animal (b) RVF: Word vs. Animal

Figure 19. Results from group-level searchlight analyses of between-category
decoding in the VHF word experiment.

(a) Decoding of LVF Word and Animal was observed in extensive regions of the
left and right vOT, and regions outside vOT. Right hemisphere showed higher
decoding performance than the left hemisphere. (b) Decoding of RVF Word and
Animal was also observed in extensive regions of the left and right vOT, and
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regions outside vOT. Left hemisphere showed relatively higher decoding
performance than the right hemisphere. The black dash outline indicates the left
VWFA from the functional localizer (Figure 6).
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Chapter 3 — Discrimination of faces and its visual hemifield effect

3.1 Overview

In this chapter, we investigated the neural representation of within- and between-
category discrimination of faces. The central question, as in the previous chapter,
concerns the extent to which various regions of ventral visual cortex are involved
in processing faces at different visual field locations. We were also interested in
the relationship between word and face processing in the ventral visual cortex.
The procedure and experimental design were identical to the word experiments
in the previous chapter. In two experiments, subjects either viewed three different
faces presented in the center (center face experiment) or in either the left or right
visual hemifield (VHF face experiment). We examined the right lateralization to
faces in fMRI univariate and multivariate results, and their relationship to the
behavioral VHF result. Of primary interest, we again focused on within- and
between-category multivariate laterality. We hypothesized that the right FFA
would be able to discriminate face exemplars (see Figure 20a for predicted
results), consistent with the view that suggests complementary opposite
lateralization between faces and words. We also tested the consistency between
behavioral, univariate, and multivariate measures of face laterality, and possible

recruitment of non-face specific regions for discrimination of face exemplars.
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In the following VHF face experiment, we investigated the neural basis of the left
visual hemifield (LVF) advantage for face recognition. With the same goal as in
the word VHF experiment, we examined the possible hemispheric difference in
representing within-category information presented in the contralateral and
ipsilateral VHF. As before, we hypothesized two possible outcomes of the
multivariate classification (demonstrated in Figure 20b). According to the view of
hemispheric difference in face recognition, the right FFA is more sensitive to face
identities while the left FFA is more sensitive to face features suggesting that
face individuation occurs in the right FFA (Anzellotti & Caramazza, 2016;
Anzellotti et al., 2014; Meng, Cherian, Singal, & Sinha, 2012; Rossion et al.,
2000; Rotshtein et al., 2005). Furthermore, the right FFA shows location invariant
neural representation for faces presented in either LVF and RVF (Carlson,
Hogendoorn, Fonteijn, & Verstraten, 2011; Kovacs et al., 2008; Kovacs, Iffland,
Vidnyanszky, & Greenlee, 2012) and strong interhemispheric connection to its
left hemisphere counterpart (Davies-Thompson & Andrews, 2012; Frassle,
Paulus, Krach, & Jansen, 2016; Frassle, Paulus, Krach, Schweinberger, et al.,
2016; Nir, Hasson, Levy, Yeshurun, & Malach, 2006). In addition, it is been
argued that the right FFA showed responses to both contralateral and ipsilateral
faces while the left FFA only responded to contralateral faces (Pitcher et al.,
2019). It is possible that the right FFA contains face exemplar-level information
presented in both LVF and RVF, and therefore, we should observe successful

decoding of face exemplars in the right FFA. We further speculated that the LVF
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superiority for faces would be explained by a contralateral bias of multivariate

within-category decoding in the right FFA (Figure 20Db, left panel).

Alternatively, it is also reasonable to hypothesize that within-category
discrimination of contralateral faces can be found in both left and right FFA
(Figure 20b, right panel). This prediction is in accordance with the representation
difference in sensitivity to contralateral and ipsilateral objects in both the left and
right vOT (Cichy et al., 2011; Cichy et al., 2013; Kravitz et al., 2010; Yue,
Cassidy, Devaney, Holt, & Tootell, 2011). This is also in line with the prediction
for the VHF word experiment suggesting that VHF information can be fully
processed in the corresponding contralateral hemisphere. Moreover, it is
possible that, by using highly dissimilar faces in the current study (see more
details in the stimuli section of this chapter), face exemplar-level discrimination
could occur at the feature level. In this case, LVF superiority for faces may reflect
the different mechanisms that underlie the within-category classification of faces
between a feature level processing in the left hemisphere and a whole face level
processing in the right hemisphere. Taken together, these predictions along with
those in the word experiments of the previous chapter improve our understanding
of the involvement of different cortical regions in processing different kind of

objects and the neural basis of VHF effect in object processing in general.



71

(a) Predicted results for center (b) Predicted results for VHF face experiment
face experiment
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Figure 20. Predicted results for within-category discrimination of the center and
visual hemifield (VHF) face experiments.

(a) The right FFA encoded face information at exemplar-level, but not in the left
FFA, in the center face experiment. Similar to Figure 1, this predicted that the
right FFA would exhibit higher classification accuracy (y axis) compared to the
left FFA, consistent with the results of previous studies. (b) VHF effect on within-
category discrimination was revealed by the difference between LVF and RVF
decoding performance in the right FFA (left panel), or contralateral decoding
performance observed in both left and right FFA (right panel). These predictions
were also similar to those in the previous word experiments (Figure 1). The first
prediction would support that the fine-grained face information is encoded in the
right FFA. The second prediction would support the alternative hypothesis that
face information is encoded in different hemisphere depending on its location.

3.2 Methods

3.2.1 Participants, procedures, and data collection

All thirteen subjects in the word experiments also participated in the face
experiments. The experiment design and general procedure were identical for
both the word and face experiments (more details as described in the previous

chapter). Accordingly, we employed two experiments: center and VHF face
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experiments. The only difference was that the stimulus sets were changed to

faces in this study.

3.2.2 Stimuli

The stimulus set consisted of five images of three categories (Figure 21). There
were three different human faces (Face), an image of a dog face (Dog), and an
image of a house (House). Faces were selected from the Radboud Faces
Database (Langner et al., 2010) which originally includes 20 male and 19 female
Caucasian adults with neutral emotion. A final 3 male and 3 female faces were
selected for fMRI scanning. To ensure that all the selected faces were highly
dissimilar, we performed a pilot study using a multi-arrangement method
(Kriegeskorte & Mur, 2012) in which two groups of subjects made judgments on
the 20 male and 19 female (in separate experiments) faces based on their
similarity. The resultant dissimilarity matrices (Figure 21) for male and female
faces reflected the distance of the dissimilarity between a pair of faces. We then
selected three highly dissimilar face exemplars based on their dissimilarity

distance from the matrices.

We again included two sets of stimuli and each subject was randomly assigned
to one of the stimulus sets used in the two face experiments. Low-level
luminance and contrast of all ten images in both stimulus set were controlled by

using SHINE toolbox (Willenbockel et al., 2010). In addition, the sizes of the
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original faces were adjusted to ensure that all faces were roughly matched by
their height. All stimuli were displayed in grayscale against a gray background.
The central fixation dot which subtended a visual angle of 0.1° x 0.1° and all

stimuli subtended a visual angle of 5.5° x 6.5° (same width as the word stimuli).

(a) Face stimulus set 1 (b) Face stimulus set 2

-

|
dissimilar

similar

Figure 21. Stimuli used in the center and VHF face experiments.
All faces in each stimulus set were selected based results from a pilot face
similarity sort task and thus were highly dissimilar. Male (a) and female (b) faces

were examined in separate experiments. Each subject was randomly assigned
with one of the stimulus sets to view in the two face experiments.

3.2.3 fMRI analyses

All univariate and multivariate analyses were identical to the word experiments
described in chapter 2. Figure 22 shows all the multivariate analyses that were

carried out in the center experiment. There were four separate pair-wise
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classifications: 1) Face Exemplar, 2) Face vs. Dog, 3) Face vs. House, and 4)
Dog vs. House. Similar to the VHF word experiment, the Dog was excluded in
the VHF face experiment and we investigated a total of eight pair-wise
classifications: 1) LVF: Face Exemplar, 2) RVF: Face Exemplar, 3) LVF: Face vs.
House, 4) RVF: Face vs. House, 5) Cross Location: Face Exemplar, 6) Cross

Location: Face vs. House, 7) Face: LVF vs. RVF, 8) House: LVF vs. RVF.

B Face Exemplar

H Face vs. Dog

Bl Face vs. House

H Dog vs. House

>

Figure 22. Schematic of pair-wise decoding in the center face experiment.

All procedures were identical to those in the center word experiment.
Discrimination of Face Exemplar in three pair-wise classifications is labeled by
the green. Discrimination of Face and Dog in three pair-wise classifications is
labeled by the light blue. Discrimination of Face and House in three pair-wise
classifications is labeled by the blue. Discrimination of Dog and House in one pair
classification is labeled by the dark blue.
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3.3 Results: Center face experiment

3.3.1 Univariate ROl analyses

Figure 23 shows the results of direct comparisons on beta weights between
category (Face, Dog, and House), hemisphere (Left and right), and ROl (VWFA,
FFA, PPA, pFus, LO, OWFA/OFA). A three-way repeated measures ANOVA
revealed a main effect of ROI, F(5, 60) = 15.27, p < 0.001, an interaction
between category and ROI, F(10, 120) = 31.11, p < 0.001, and a three-way
interaction between all the factors, F(10, 120) = 3.72, p < 0.001. In addition, there
was a marginally significant interaction between category and hemisphere, F(2,
24) =3.24, p = 0.057. Follow-up one-way repeated measures ANONAs were
conducted separately for the category in each ROl and hemisphere. The results
revealed three category effects in both left and right hemisphere: 1) face

selectivity; 2) non-face object sensitivity; 3) no difference between faces and non-

face stimuli.
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Figure 23. Results from univariate ROl analyses of the center face experiment
showed face selectivity in face-specific regions.

Unlike the center word experiment, both left and right FFA show greater face

selectivity than other regions in the vOT. In addition, face-selective responses
were also found in the left VWFA and right OFA. In contrast, bilateral PPA and
LO vyielded greater fMRI responses to houses than to faces. Left OWFA, right

VWFA, and bilateral pFus did not show different fMRI responses between these
three types of stimuli. %k, significant main effect of stimulus category.

First, regions which showed more fMRI responses to Face than to Dog or House
were observed in the left VWFA, F(2, 24) = 8.07, p = 0.002, left FFA, F(2, 24) =
75.97, p < 0.001, right FFA, F(2, 24) = 12.01, p < 0.001, and right OFA, F(2, 24)
=4.73, p = 0.019. Post hoc paired-sample t-test suggested that both the left and
right FFA distinguished Face, Dog, and House (all ps < 0.05 with Bonferroni
correction). However, Face and Dog were not different in the left VWFA and right
OFA (both ps > 0.3 with Bonferroni correction). This result is different from the
word experiment in which the left VWFA did not exhibit word selectivity, but it
showed more fMRI responses to faces than to non-faces. However, face
selectivity was observed in all face related ROIs identified using an independent
localizer. Of particular interest in the difference between the left and right FFA,
we further calculated the face selectivity index using the following formula

(McGugin, Gatenby, Gore, & Gauthier, 2012):

(Betapreferred — Betanonpreferred)

category selectivity =
2 2
\/Betapreferred + Betanonpreferred

Here, the preferred category was Face and the non-preferred category was

House. The result showed that the face selectivity between the left and right FFA
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was not different, {(12) = 1.43, p = 0.18. This result indicates that face
lateralization in vOT may be mostly driven by more voxels in the right
hemisphere for faces, instead of univariate fMRI responses in the FFA (as shown
in the functional localizer results). Second, regions which showed more fMRI
responses to House than to Face or Dog were observed in the left PPA, F(2, 24)
=28.47, p < 0.001, left LO, F(2, 24) = 3.76, p = 0.038, right PPA, F(2, 24) =
28.57, p < 0.001, and right LO, F(2, 24) = 7.07, p = 0.004. Additional analyses
suggested that both the left and right PPA distinguished houses and faces
(including both Face and Dog; all ps < 0.01 with Bonferroni correction), but did
not differ between Face and Dog (both ps > 0.1), and both the left and right LO
only showed a difference between House and Face (both ps < 0.05 with
Bonferroni correction). Finally, in the last case, main effect of category was not
observed in the right VWFA (F(2, 24) = 0.20, p = 0.82), or in the left (F(2, 24) =

1.15, p = 0.33) and right pFus (F(2, 24) = 1.55, p = 0.23).

3.3.2 Univariate whole-brain analyses

Unlike the center word experiment in the previous chapter, in the following whole-
brain analysis (Figure 24a), we observed greater fMRI responses to Face as
compared to House in the left and right mFus, consistent with the locations of the
left and right FFA. Furthermore, the left IPS and left IFG also exhibited more
fMRI responses to faces. The reverse contrast of house > face revealed greater

fMRI responses in the left and right PPA. It should be noted that the univariate
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difference between Face and House only survived at a liberal threshold. Figure
24b shows and ensures that there were extensive fMRI univariate responses to
faces in vOT including the bilateral FFA. Regions outside vOT showed responses
to faces included the PCG and insula. No regions showed a difference between
Face and Dog at p < 0.01. In short, we observed that visual cortex exhibited
sensitivity to faces. Lastly, we did not observe a right lateralization for face >

house contrast (LI = -0.087) or face > fixation contrast (LI =-0.017).

(a) Face > House (b) Face > Fixation

t=8
face ™ house
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Figure 24. Group-level results of the center face experiment showed face
selectivity in the vOT.

EEEEEN

t=3.8
q(FDR) < 0.05

LH

(a) Both face-selective and house-selective regions were consistent with bilateral
FFA and PPA in the vOT, respectively. (b) Face > Fixation contrast yielded
activation in both left and right vOT, but it was not right lateralized. The black
dash outline indicates the left and right FFA from the functional localizer (Figure
6).
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3.3.3 Multivariate ROI analyses

The primary goal of this experiment was to investigate whether within- and
between-category discriminating of faces can be found in vOT, especially in the
FFA. First, we assessed the performance of the four types of classification in
each ROI that carried within- or between-category information for the stimuli
viewed in the center. All classification performance results were shown in Figure
25. A Bonferroni correction was applied to control for multiple comparisons
(corrected p = p(permutation) x 48 comparisons; corrected p = 1 when

p(permutation) x 48 comparisons > 1).

For within-category classification, we found significant above-chance decoding of
Face Exemplar in the right FFA (p = 0.0048) and right pFus (p = 0.0096). No
significant Face Exemplar decoding was observed in any of the remaining ROIs
(all ps = 1.0). For between-category classification, successful decoding between
Face and Dog was found in several ROIs including: left VWFA (p = 0.0096), left
FFA (p = 0.0048), left pFus (p = 0.014), left LO (p = 0.0048), left OWFA (p =
0.0048), right FFA (p = 0.0048), right pFus (p = 0.0048), right LO (p = 0.096), and
right OFA (p = 0.0048). Bilateral PPA and right VWFA were not able to decode
Face and Dog (all ps > 0.3). Successful decoding between Face and House was
found across all the pre-defined ROls (all ps < 0.005). Finally, successful

decoding between Dog and House was found in all the pre-defined ROls (all ps <
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0.005), except for the left VWFA (p = 0.75). Taken together, between-category
classification for faces was not only observed in face-sensitive regions but also in
other non-face sensitive regions, indicating that the category information for

discriminating faces and non-face stimuli is distributed in the vOT.
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Figure 25. Results from multivariate ROl analyses of the center face experiment
showed a right lateralization for within-category discrimination of faces.

Both the right FFA and right pFus showed significant decoding of Face Exemplar
(highlighted by red color). No other region, including the left FFA and left pFus,
showed successful decoding of Face Exemplar, suggesting a right lateralization
of within-category decoding for faces. Between-category decoding was observed
in most of the ROls in both left and right hemisphere. Only the right VWFA and
bilateral PPA failed to show decode between Face and Dog. %k, p <0.05,
Bonferroni-corrected.

3.3.4 Multivariate whole-brain searchlight analyses

For within-category decoding of faces (Figure 26a), significant decoding of face

exemplars was found in vOT, including bilateral early visual cortex, and bilateral
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mFus, and clusters outside ventral visual cortex, including bilateral IFG, bilateral
precentral and postcentral gyrus, bilateral inferior parietal sulcus, bilateral MTG,

bilateral ATL, bilateral insula, posterior cingulate cortex, and medial frontal gyrus.
The lateralization analysis suggested no lateralization for decoding Face

Exemplar in the vOT (LI = 0.037).

At the face category-level, significant decoding of Face and Dog, shown in Figure
26b, was found in a large cluster of vOT, including bilateral mFus and pFus, and
clusters located at bilateral IFG and ATL, left insula, dorsal medial frontal cortex,
and medial frontal cortex’/ACC. The lateralization analysis suggested no laterality
of decoding between Face and Dog in vOT (LI = 0.088). Decoding of Face and
House (Figure 26c¢) was found in clusters that were highly overlapped with the
result of decoding of Face and Dog, but extended to more regions in the brain.
Left lateralization in the searchlight map was found for decoding between Face
and House (LI = 0.36). Finally, regions that showed successful decoding of Dog
and House (Figure 26d) was only limited in bilateral vOT. A left lateralization

trend (LI = 0.19) was observed for decoding of Dog and House in vOT.
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Figure 26. Results from group-level searchlight analyses of the center face
experiment showed an involvement of face-specific regions in within- and
between-category decoding of faces.

(a) Decoding of Face Exemplar was observed in the mFus in both left and right
vOT. (b) Decoding of Face and Dog was observed in large cluster extended in
bilateral vOT, including FFA, as well as regions outside vOT. (c) Decoding of
Face and House was observed in extensively large clusters in bilateral vOT as
well as regions outside vOT. (d) Decoding of Dog and House was found to be

limited in bilateral vOT. The black dash outline indicates the left and right FFA
from the functional localizer (Figure 6).

3.4 Results: VHF face experiment

3.4.1 Univariate ROl analyses

Figure 27 shows the univariate results from the VHF face experiment. As before,
a four-way repeated measures ANOVA for VHF (contralateral and ipsilateral),
category (Face and House), hemisphere (left and right), and ROI (6 levels) was
performed and followed by separated two-way ANOVAs for VHF (contralateral
and ipsilateral) and category (Face and House). In the first ANOVA, we observed
a main effect of VHF, F(1, 12) = 98.19, p < 0.001, and a main effect of ROI, F(5,
60) = 6.52, p < 0.001. In addition, there was an interaction between VHF and
ROI, F(5, 60) = 13.49, p < 0.001, an interaction between category and ROI, F(5,
60) = 33.82, p < 0.001, and a three-way interaction between category,

hemisphere, and ROI, F(5, 60) = 5.75, p < 0.001.
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In the followed up two-way ANOVAs for the twelve ROls, regions that exhibited
contralateral bias (main effect of VHF) were observed in the left FFA (F(1, 12) =
23.56, p < 0.001), left pFus (F(1, 12) = 21.99, p < 0.001), left LO (F(1, 12) =
35.20, p < 0.001), left OWFA (F(1, 12) = 15.65, p = 0.002), right VWFA (F(1, 12)
=19.83, p = 0.001), right FFA (F(1, 12) = 17.36, p = 0.001), right PPA (F(1, 12) =
10.70, p = 0.007), right pFus (F(1, 12) = 58.90, p < 0.001), right LO (F(1, 12) =
56.49, p < 0.001), and right OFA (F(1, 12) = 44.70, p < 0.001). Thus, except for
the left VWFA and PPA, VHF effect was observed in all other ROls, and these
results were similar to the results from the VHF word experiment reported in the

previous chapter.

Regions that showed category effect were observed in the left VWFA (F(1, 12) =
8.46, p = 0.013), left FFA (F(1, 12) = 56.56, p < 0.001), left PPA (F(1, 12) =
18.68, p = 0.001), right FFA (F(1, 12) = 15.90, = 0.002), right PPA (F(1, 12) =
33.99, p < 0.001), and right OFA (F(1, 12) = 5.49, p = 0.037). None of the twelve
ROls showed a significant interaction between VHF and category (all ps > 0.05).
These univariate results clearly showed that the left and right FFA were sensitive
to both stimulus position and category. The only regions that showed greater
fMRI responses to House than to Face were observed in bilateral PPA. Lastly,
we again calculated the face selectivity index of the left and right FFA for stimuli
either in the LVF or RVF. A two-way repeated ANOVA was conducted on the
selectivity index for the hemisphere and VHF. The result showed that the

difference of the face selectivity between the left and right FFA was only
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marginally significant, F(1, 12) = 3.77, p = 0.076. Neither the main effect of VHF,
F(1, 12) =1.44, p = 0.25, nor the interaction, F(1, 12) = 1.15, p = 0.31, was
significant. Again, we did not see strong evidence for hemispheric asymmetry of

face selectivity between the left and right hemisphere.
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Figure 27. Results from univariate ROl analyses of the VHF face experiment
showed both selectivity and contralateral bias in the FFA.

Both left and right FFA, as well as the right OFA, showed greater activation to
faces compared to animals and greater activation to contralateral than to
ipsilateral stimuli. Bilateral PPA showed greater house-selectivity. Unlike the VHF
word experiment, the VHF face experiment showed both univariate selectivity to
faces and VHF effect in FFA and OFA. VHF effect was also observed in posterior
regions including bilateral pFus, LO, and OWFA/OFA. 3, significant main effect
of VHF; <, significant main effect of stimulus category.

3.4.2 Univariate whole-brain analyses

In the whole-brain analysis, we first examined the univariate face VHF effect by
contrasting the LVF and RVF conditions. We found that both the left and right

vOT exhibited more fMRI responses to contralateral stimuli (Figure 28a).
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However, the VHF effect was relatively weaker in the left vOT (indicated by
smaller cluster size in the left than in the right vOT). Next, we identified voxels
that showed a significant difference between stimulus categories. For the LVF
stimuli (Figure 28b), we found that the right FFA and bilateral PPA showed
greater responses to their preferred categories; and for the RVF stimuli (Figure
28c), we only found that bilateral PPA showed greater responses to House than

to Face, and not voxels showed greater responses to Face than to House.
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Figure 28. Group-level results of the VHF experiment.

(a) Contralateral activation is observed in bilateral vOT, and partially overlapped
with the FFA. (b) The FFA showed greater responses to faces than to houses in
the LVF. (c) No region showed greater responses to faces than to houses in the

RVF. The black dash outline indicates the left and right FFA from the functional
localizer (Figure 6).

3.4.3 Multivariate ROI analyses

We tested whether within- and between-category discriminating of faces depend

on the location of the stimuli. To identify VHF effect on the performance of within-
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category discrimination, we trained the LVF and RVF face pairs separately in two
classifiers and tested the performance of the classifiers on face exemplars either
in the LVF or in the RVF (Figure 29a). All classification performance results are
shown in Figure 29b. A Bonferroni correction was applied to control for multiple
comparisons (corrected p = p(permutation) x 24 comparisons; corrected p = 1

when p(permutation) x 24 comparisons > 1).
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Figure 29. Within-category decoding of face exemplars was dependent on the
VHF.

(a) Schematic of within-category decoding of Face Exemplar. We trained
classifiers to discriminate between pair of faces in either the LVF or RVF, and
tested their performance for the same pair of faces in the same location. (b)
Results from multivariate ROl analyses of the VHF face experiment. For LVF
Face Exemplar (in dark green), only the right FFA showed significant above-
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chance decoding. For RVF Face Exemplar (in light green), neither the left nor the
right FFA was able to decode. However, significant above-chance decoding was
observed in both left and right pFus among all the ROIs. Taken together with the
VHF word experiment, these results provide strong evidence for a functional
dissociation between cortical responses for contralateral and ipsilateral viewed
stimuli. Specifically, it appears that both category-specific regions and object-
sensitive regions contain fine-grained object information which depends the
spatial location of the object. *, p < 0.05, Bonferroni-corrected.

For LVF faces, we found significant above-chance decoding of face exemplars in
the right FFA (p = 0.0024). No significant decoding of LVF face exemplars was
observed in the other ROls (all ps = 1.0). For RVF faces, neither the left nor the
right FFA showed significant decoding for RVF face exemplars (both ps = 1.0).
However, interestingly, successful decoding of RVF face exemplars was
observed in both the left (p = 0.012) and right (p = 0.007) pFus. None of the other
regions showed significant above-chance decoding of RVF face exemplars (all
ps > 0.1). Such results are consistent with the earlier findings of word VHF
experiment that the category-specific regions could decode stimuli of the
preferred categories at exemplar-level in the preferred VHF location, and most
importantly, bilateral pFus could decode stimuli at exemplar-level in the non-
preferred VHF location. Together, both results demonstrate category-specific
regions contain within-category information of preferred stimulus presented in the
center and the contralateral VHF. Interestingly, bilateral pFus carries within-
category information for words and faces presented in the non-preferred side.

Thus, it supports the idea that there are two distinct mechanisms underlying the
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recognition of contralateral and ipsilateral objects, consistent with the findings

observed in the VHF word experiment.

Next, we investigated the VHF effect on between-category information in each
hemisphere. We trained the LVF or RVF Face vs. House pairs separately in two
classifiers and tested the performance of the classifiers on the same between-
category pairs in either LVF or RVF (Figure 30a). All ROls showed significant
decoding for contralateral stimulus categories, and all ROls except the left LO
and OWFA showed decoding for ipsilateral stimulus categories (Figure 30b). We
further examined whether category-level information depended on stimulus
location. A three-way ANOVA on classification performance for VHF
(contralateral and ipsilateral), hemisphere (left and right), and ROI (6 levels) was
conducted. The result revealed a main effect of VHF, F(1, 12) = 56.65, p < 0.001,
a main effect of ROI, F(5, 60) = 9.22, p < 0.001, and an interaction between
hemisphere and ROI, F(5, 60) = 2.81, p = 0.024. Two follow up two-way
ANOVAs were conducted for VHF and ROI in each hemisphere. In the left
hemisphere, we observed a main effect of VHF, F(1, 12) = 40.13, p < 0.001, and
a main effect of ROI, F(5, 60) =7.44, p < 0.001. There was no interaction
between VHF and ROI (p = 0.33). In the right hemisphere, we observed a main
effect of VHF, F(1, 12) = 16.64, p = 0.002, and a main effect of ROI, F(5, 60) =
5.43, p < 0.001. The interaction between these two was not significant, F(5, 60) =

0.70, p = 0.63.
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Figure 30. Between-category decoding of Face and House was dependent on
the VHF.

(a) Schematic of between-category decoding of Face and House. We trained
classifiers to discriminate between Face and House pairs in either the LVF or
RVF, and tested their performance for the same pairs in the same location. (b)
Results from multivariate ROl analyses of the VHF face experiment. All regions
showed successful decoding of stimulus categories and the contralateral bias
was found in both left and right hemispheres. ¢, p < 0.1; %, p < 0.05, Bonferroni-

corrected.

We also investigated to which extent classification performance could carry
across location. We trained pairs of Face Exemplar or pairs of Face and House

in one VHF and tested the corresponding pair-wise classifier decoding
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accuracies in the opposite VHF (Figure 31a). Results of this analysis are shown
in Figure 31b. For within-category discrimination, none of the pre-defined ROIs
yielded significant above-chance decoding. For between-category discrimination,
all the ROlIs exhibited across location decoding of stimulus category. This means
that within-category face information does not generalize across VHF, but

between-category face information shows certain degrees of tolerance to

location.
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Figure 31. Within- and between-category decoding of faces across VHF location.

(a) Schematic of the within- and between-category across location decoding. We
trained classifiers to discriminate between Face Exemplar, or between Face and
House in either the LVF or RVF, and tested their performance for the same pair

in the opposite VHF location. Results in each ROI collapsed with VHF. (b)
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Results from multivariate ROl analyses of across location decoding in the VHF
face experiment. For within-category decoding, none of the ROl showed
significant above-chance across location decoding. In contrast, all of the ROls
showed successful decoding of stimulus category between Face and House. ¢, p
< 0.1; *, p < 0.05, Bonferroni-corrected.

Finally, we investigated where the location information can be decoded in the
vOT. A classifier was trained and tested to discriminate whether Face or House
was presented in LVF or RVF (Figure 32a). The results are shown in Figure 32b.
The classifier for face location showed successful decoding of face location in all
ROls except for the left VWFA, consistent with the findings of a previous study
(Cichy et al., 2013). In addition, decoding of House location was not observed in
bilateral PPA. Again, posterior ROls exhibited higher decoding performance than
the anterior ROls, consistent with the findings reported in the VHF word

experiment in Chapter 2.
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Figure 32. Decoding of Face and House location.

(a) Schematic of location decoding between LVF and RVF. We trained classifiers
to discriminate between LVF and RVF face stimuli, collapsed with all three face
exemplars, or between LVF and RVF house stimuli, and tested their performance
for the same pair of stimuli. (b) Results from multivariate ROl analyses of location
decoding in the VHF face experiment. For decoding of face location, bilateral
FFA contained location information of Face. Only the right FFA showed location
information of House. In addition, location information was also observed in
VWFA and PPA for Face. Finally, the posterior ROls (e.g. pFus, LO,
OWFA/OFA) were able to decode location information for both Face and House,
and contained more location information than these anterior ROIs (e.g. VWFA,
FFA, PPA). ¢, p <0.1; %, p < 0.05, Bonferroni-corrected.

3.4.4 Multivariate whole-brain searchlight analyses
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Again, searchlight analyses were carried out separately for within- and between-
category discrimination of faces in LVF and RVF. For LVF Face Exemplar
classification (Figure 33a), significant classification was observed in bilateral
mFus, insula, right IFG and left PCG; and for RVF Face Exemplar classification
(Figure 33b), significant classification was observed in bilateral pFus, right
anterior fusiform gyrus, left ATL, right STS, left IFG and PCG, and insula. These
results were highly consistent with the results from the ROI analyses that the LVF
Face Exemplar was decoded in the right FFA and the RVF Face Exemplar was
decoded in both the left and right pFus. Moreover, distinct non-visual cortex that
contained exemplar-level information is engaged in decoding of LVF and RVF
faces. Additional lateralization analysis showed that LVF face within-category
decoding was right lateralized (LI = -0.30) and the RVF face within-category
decoding was not lateralized (LI =-0.11). This indicates a contralateral bias for
within-category face information in LVF, which corresponds to the decoding of

LVF Face Exemplar in the right FFA.
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(@) LVF: Face Exemplar (b) RVF: Face Exemplar

Figure 33. Results from group-level searchlight analyses of within-category
decoding in the VHF face experiment.

(a) Decoding of LVF Face Exemplar was observed in the left and right mFus in
the vOT. In addition, this analyses showed decoding of LVF face exemplars in
other regions which were not limited to the vOT. (b) Decoding of RVF Face

Exemplar was observed in both left and right pFus, and also in regions outside
vOT. In short, the searchlight results yielded consistent findings as observed in

the ROI analyses (Figure 29). The black dash outline indicates the left and right
FFA from the functional localizer (Figure 6).

In the final analysis, we examined the VHF effect on the between-category
information carried in each hemisphere. For LVF category-level decoding (Figure
34a), a strong contralateral bias was observed in the vOT, that a larger cluster of
voxels in the right vOT showed significant decoding than in the left vOT. This is
consistent with the lateralization analysis with an LI = -0.69 indicated strong right

lateralization. Such contralateral bias also extended to the right dorsal visual
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pathway including bilateral IPS and IFG. For RVF category-level decoding
(Figure 34b), a strong contralateral bias was also observed in the vOT and the LI
of the searchlight result was 0.54 indicating left lateralization. This result is
consistent with the ROI result that between-category decoding of Face and

House, and exhibits contralateral bias.

(@) LVF: Face vs. House (b) RVF: Face vs. House

Figure 34. Results from group-level searchlight analyses of between-category
decoding in the VHF face experiment.

(a) Decoding of LVF Face and House was observed in extensive regions of the
left and right vOT, and regions outside vOT. Right hemisphere showed higher
decoding performance than the left hemisphere. (b) Decoding of RVF Face and
House was also observed in extensive regions of the left and right vOT, and
regions outside vOT. Left hemisphere showed higher decoding performance than
the right hemisphere. The black dash outline indicates the left and right FFA from
the functional localizer (Figure 6).
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Chapter 4 — General discussion

In this chapter, we summarize and further interpret the findings reported in the
following sessions. In 4.1 and 4.2, we show that cerebral lateralization is not
reflected by processing of categorical information in the vOT. In 4.3 and 4.4, we
show that cerebral lateralization is reflected by processing of fine-grained object
information in the vOT. In 4.5, we show that the VHF effect is associated with
category-specific regions in the vOT. In 4.6, we show that the VHF effect is also
associated with generic object regions in the vOT. In 4.7 and 4.8, we show
additional evidence of contralateral bias for between-category decoding and
position sensitivity in the vOT. We further discuss the implications and future

directions based on the current study in 4.9 and 4.10.

Of particular interest in object recognition and cerebral laterality, we investigated
to which degree the cortical regions in the vOT, within and between two cerebral
hemispheres, contribute to fine-grained processing for words and faces. In
Chapter 2 and 3, we used fMRI to investigate the underlying univariate and
multivariate neural representations of words and faces. Based on previous
findings, we predicted that lateralized vOT is engaged for discrimination of word
and face exemplars, and more importantly, such a mechanism could drive visual
hemifield biases for word and face recognition. Furthermore, we also predicted
that ipsilateral deficits of word and face recognition could be reflected in reduced

neural representation either in preferred category-specific regions after
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interhemispheric transfer or in the opposite hemisphere prior to interhemispheric

transfer.

Previous studies on functional asymmetry of category-specificity in the ventral
visual cortex are based largely on measuring between-category discrimination.
Only a few studies have investigate the relationship between the opposite
category-specific cerebral lateralization between words and faces at the category
level. To date, no single study has investigated the neurocognitive mechanism of
fine-grained object processing in both center and peripheral. Here, in the current
study, we first measured the cerebral lateralization using multivariate pattern
analysis. We further investigated the neural mechanisms of processing the
opposite lateralization between words and faces in all the subjects. Finally, we
examined the underlying neuronal responses difference between viewing object
at the center or in the periphery. The combined implementation of these
approaches allowed us to identify the capabilities as well as the limitations of the
ventral visual cortex in processing various kinds of visual input, and what type of
information can be encoded in these regions. In short, the findings of the current
study will further our understanding of the fundamental organization principles of

the ventral visual cortex in representing object information.

Based on the pre-selection criteria (Chapter 2), all subjects showed behavioral
left lateralization for words and right lateralization for faces. A prospective neural

basis of this lateralization was observed in the functional localizer experiment
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that words were strongly left lateralized and faces were right lateralized (but to a
lesser degree). In both word and face center (main) experiments, the univariate
fMRI responses were not lateralized for neither words nor faces. For multivariate
between-category classifications, successful decoding was not lateralized and
observed in both left and right hemispheres. Interestingly, a left lateralization for
words and a right lateralization for faces were observed for within-category
classifications. Our findings from both word and face experiments support the
view that lateralized category-specific regions encode exemplar-level information
for words and faces. In addition, these category-specific regions contain more
within-category information in the preferred location than the non-preferred
location by showing successful decoding of homogenous object categories. More
interestingly and also to our surprise, we found that within-category information in
the non-preferred spatial location was represented in bilateral pFus, a region that
is posterior to the category-specific regions. This result suggests that word and
face information is transferred to the preferred hemisphere before being
accessed by category-specific regions. More importantly, ipsilateral visual
hemifield deficits arise as a consequence of inefficient coding of object
information in the category-specific regions, and recruits a more general feature-
based generic shape system to assist and accomplish discrimination of highly
similar objects. These results indicate that the VHF advantages for words and
faces underlie within-category discrimination in anatomically and functionally
distinct cortical regions in the vOT. Taken together, these findings reflect the

basis mechanism of the ventral visual cortex in both cerebral hemispheres in
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processing fine-grained object information and provide compelling evidence in
favor of a new account of object processing in functionally distinct brain areas of

the ventral visual cortex.

4.1 Category-level information for discrimination of words and non-word

stimuli is distributed in the whole vOT

In chapter 2, we first investigated within- and between-category neural
representations of word recognition. Our univariate analyses showed that viewing
single words did not evoke greater brain responses compared to viewing non-
word strings in the left vOT, especially in the left VWFA. On the contrary, in most
ROIs of both the left and right vOT, greater activations were found to be
associated with non-word strings. It has been argued that the category
information is not limited to category-specific regions, and instead, is distributed
within and beyond the vOT (Behrmann & Plaut, 2013; Haxby et al., 2001). In a
recent study, Cohen et al. (2019) argued that the multivariate representation was
developed prior to and independently of univariate category-specificity. Thus,
these findings along with other previous studies pose a question regarding the
use of univariate fMRI responses to imply category-specificity of left VWFA in

visual word recognition.

Using univariate fMRI analysis, previous studies have revealed that the left

VWEFA is specialized for processing visual word inputs, and exhibited greater
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fMRI responses to real words as compared to letter strings (L. Cohen et al.,
2002) and to Hebrew characters in non-Hebrew speakers (Baker et al., 2007).
Furthermore, left VWFA also demonstrated a certain degree of viewpoint-
invariance to words irrespective of the format (e.g., letter case, visual hemifield;
L. Cohen et al., 2002; Dehaene et al., 2004). Moreover, the left VWFA showed
greater fMRI responses to pseudowords as compared to real words suggesting a
tuning to orthographic familiarity for the left VWFA (Kronbichler et al., 2007).
Based on these results, the left VWFA has been considered as a region
specialized for processing and integrating of pre-lexical and lexical visual word
form (Dehaene & Cohen, 2011; McCandliss et al., 2003). However, a large
number of studies have revealed different response properties of the left VWFA.
For example, the left VWFA has been argued to respond to a large variety of
non-word stimuli, including pictures, line drawings, Hebrew, etc. (Martin et al.,
2019; Muayqil, Davies-Thompson, & Barton, 2015; Price & Devlin, 2003; Reinke,
Fernandes, Schwindt, O'Craven, & Grady, 2008; Seghier & Price, 2011; Shin et
al., 2008; Vogel et al., 2012). In addition, other studies have demonstrated that
the left VWFA is sensitive to low-level visual properties of words which
contradicts to the invariance view. For example, the left VWFA is sensitive to the
visibility of visual stimuli (Ben-Shachar, Dougherty, Deutsch, & Wandell, 2007),
the retinal stimulus position (Rauschecker et al., 2012), and the format of words
(Burgund, Guo, & Aurbach, 2009; Lochy et al., 2018; Wimmer, Ludersdorfer,
Richlan, & Kronbichler, 2016). These results complicate the role of left VWFA in

word recognition, and it has been argued that the VWFA may serve a much
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broader function of linking between visual and non-visual language networks in

the human brain (Price & Devlin, 2003, 2011).

Despite the debate regarding the category-specificity of the left VWFA, recent
studies have suggested the use of more sensitive measures of fMRI responses
to words. One approach is fMRI repetition suppression (Grill-Spector, Henson, &
Martin, 2006; Grill-Spector & Malach, 2001). Previous studies using this
approach have shown that the left VWFA exhibited distinct repetition suppression
effects between real words and pseudowords (Glezer et al., 2009), real words,
Japanese characters, and animal silhouettes (Strother et al., 2017), and font-
invariance and font-sensitivity (Zhou, Vilis, et al., 2019). For example, in our
recent study (Strother et al., 2017), the release of repetition suppression in the
left VWFA was associated with changes of either word or object string, but it was
clearly evident that the words exhibited more repetition suppression than the
object strings did. In another study (Zhou, Vilis, et al., 2019), the left VWFA
exhibited strong font-invariant effect as compared to the LO and pFus which
exhibited strong font-sensitive effect suggesting dissociable functions between

word-selective VWFA and object-sensitive regions during word recognition.

The second approach is measuring the representation of multivariate voxel-level
spatial patterns between different stimulus categories or between different within-
category exemplars. Interestingly, our current findings along with other previous

MVPA studies showed consistent multivariate-level discrimination of words and
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non-word stimuli in the left VWFA, but without observing a univariate-level
difference (Baeck et al., 2015; Carlos et al., 2019; Nestor et al., 2013; Stevens et
al., 2017; Xu et al., 2012). In short, the insensitivity of univariate fMRI responses
in left VWFA to words as compared to non-word stimuli in our current study is in
agreement with other univariate studies. Despite those inconsistent univariate
results, it is still possible to identify word-sensitivity in the left VWFA by using a

multivariate approach.

It is worth noting that between-category level discrimination of words and non-
word stimuli was also observed in several other regions within and outside the
vOT. In particular, discrimination between Word and Animal was found in FFA
and OFA as well as object-sensitive regions (i.e. pFus and LO). However, no
significant decoding was found in bilateral PPA which highlights a limitation of
word information that is distributed in the vOT. Unlike the regions in the vOT
which are supposed to encode distributed visual feature information between
words and non-word stimuli (Haxby et al., 2001), the other regions such as the
left IFG, IPS, and STS may suggest the engagement of distinct high-level
language processes between words and non-word stimuli. Lastly, discrimination
of Word and Hebrew seems to recruit a more anterior fusiform gyrus in contrast
to discrimination of Word and Animal and discrimination of Hebrew and Animal.
The latter may suggest category-level difference based on visual characteristics,
the former may reflect a non-visual based distinction between Word and Hebrew.

In particular, it is possible that subjects in the current studies implicitly “read” the
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non-meaningful Hebrew strings as the word “Hebrew”, thus Word and Hebrew
were different by their semantic meanings. This interpretation is consistent with a
previous study in which these regions show semantic-level decoding (Bruffaerts
et al., 2013). Based on these findings, we argued that category-level information
carried in vOT is not lateralized, and can be found in both category-specific and

nonspecific regions in vOT and other regions outside vOT.

4.2 Category-level information for discrimination of faces and non-face

stimuli is distributed in the whole vOT

In chapter 3, we investigated within- and between-category neural representation
of face recognition. The univariate analyses revealed more fMRI responses to
faces in face-selective regions. In contrast, greater fMRI responses to houses
than to faces were observed in bilateral PPA and LO. In addition, bilateral pFus,
left OWFA, and right VWFA showed no difference in responses to faces and
houses. Thus, unlike the left VWFA, the face-selective regions (i.e. FFA and
OFA) exhibited reliable univariate responses to faces in the main experiment,
consistent with the results of early face recognition studies showing that the FFA
is more responsive to faces (Kanwisher et al., 1997). Further analyses showed
that face selectivity did not differ between the left and right FFA indicating that

the univariate brain responses to faces were not lateralized.



105

Subsequent multivariate analyses revealed significant decoding between faces
and non-face stimuli in bilateral FFA, consistent with previous multivariate results
(Anzellotti & Caramazza, 2014a; Cichy et al., 2013; Golarai, Liberman, & Grill-
Spector, 2017; Haxby et al., 2001; Lee & Geng, 2017; Looser, Guntupalli, &
Wheatley, 2013; Schwarzlose et al., 2008; Spiridon & Kanwisher, 2002). More
importantly, our results also demonstrated that all ROls in bilateral vOT were
able to discriminate between faces and non-face stimuli at category-level. Thus,
between-category decoding of faces and non-face stimuli was not lateralized in
vOT. In short, the between-category univariate and multivariate results from the
center face experiment are in line with the results from the center word
experiment, which suggests that the whole vOT carries the information in a

distributed manner to discriminate between different categories of objects.

4.3 Left lateralized within-category discrimination of words is not limited to

the category-specific VWFA

At the exemplar-level, our ROI analyses suggested that both the VWFA and
pFus in the left vOT showed significant above-chance decoding. Despite many
studies that have shown between-category discrimination of words, only a
handful of studies investigated the extent to which the left VWFA contained
within-category word information. The first study by Nestor et al. (2013)
examined the discriminability of the left VWFA for highly distinct pseudowords

and found that the left VWFA contained discriminable pre-lexical orthographic
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representations of individual words. In a more recent study, Baeck et al. (2015)
further showed that the left VWFA contains representations for both lexical status
and orthographic similarity. Lastly, the left VWFA was reported to show
discrimination of different words based on either animacy or word frequency
(Rundle, Coch, Connolly, & Granger, 2018). Taken together, our findings and
these studies mentioned here provide converging evidence of individuation for

words in the left VWFA.

In addition, our study also revealed that the left pFus, a region posterior to the left
VWFA, was able to discriminate different words at exemplar-level. Note that the
left pFus was defined by its sensitivity to objects (e.g., cars and instruments, not
the words, in the functional localizer), although a subregion within the pFus also
demonstrated sensitivity to words (Figure 6, results of the functional localizer).
According to the hierarchical computational models of visual object recognition
(Gross, 1992; Riesenhuber & Poggio, 1999), increasing complexity of object
representation arises along the ventral visual pathway. Numerous studies of
object recognition have demonstrated the importance of the LOC (including the
pFus and LO) in processing all varieties of objects, and the fundamental role it
plays in the ventral visual hierarchy for encoding low-level and complex visual
features, and shapes of objects (Grill-Spector, 2003; Grill-Spector & Malach,
2004; Grill-Spector & Weiner, 2014; Kravitz, Saleem, Baker, Ungerleider, &
Mishkin, 2013; Lerner, Epshtein, Ullman, & Malach, 2008; Op de Beeck, Torfs, &

Wagemans, 2008; Vuilleumier, Henson, Driver, & Dolan, 2002b). Several studies
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have pointed out that the LOC comprises a relatively dorsal subpart (i.e. LO) and
a relatively ventral subpart (i.e. pFus), and despite the fact that both LO and pFus
are sensitive to objects, the two regions demonstrate distinct functional sensitivity
with respect to object size and position (Grill-Spector et al., 1999). The pFus lies
intermediately to the extrastriate cortex and high-level visual cortex, and thus is
thought to be an ideal place for processing object features of intermediate
complexity (Ullman, Vidal-Naquet, & Sali, 2002). It has been shown that the pFus
(sometimes the whole LOC including the LO) represents object-based shapes,
fragments, and category-specific features, which are independent from the low-
level visual features, such as orientation, motion, or color (Op de Beeck et al.,
2008; Vernon, Gouws, Lawrence, Wade, & Morland, 2016; Vuilleumier, Henson,

Driver, & Dolan, 2002a; Vuilleumier et al., 2002b).

Consistent with this view, visual word recognition has been argued to recruit a
hierarchical organization in the left ventral visual pathway which combines local
features to complex representations of letters and words (Dehaene et al., 2005).
In a following study of the same research group, Vinckier et al. (2007) showed a
graded posterior-to-anterior hierarchy which represents low-level features in the
posterior region of the vOT and more abstract pre-lexical or lexical orthographic
features are represented in the anterior part of the vOT (i.e. VWFA). Recently,
we suggested that the shape sensitive pFus (as well as LO) showed sensitivity to
non-orthographic visual word features rather than sensitivity to word identities

(Zhou, Vilis, et al., 2019). To support this claim, we found that the pFus exhibited
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greater repetition suppression associated with processing word fonts as
compared to word identities, but the left VWFA showed the opposite response
pattern and was more sensitive to word identities than to word fonts. Consistent
with this, another study also showed that the pFus contributed to visual feature
processing of words (Lerma-Usabiaga, Carreiras, & Paz-Alonso, 2018).
Furthermore, several studies have reported within-category discrimination of
objects in the LOC which suggests distinct representations of shape- or feature-
based object information at the exemplar-level (Cichy et al., 2011; Eger,
Ashburner, Haynes, Dolan, & Rees, 2008). Taken together, the multivariate
results seem to be in line with the hierarchical view of object recognition—
discrimination of word exemplars in left pFus suggests a word feature-based or
generic shape-based object processing at one stage, while the left VWFA may
underlie a configural processing at the whole-word level at a different stage. This
is also consistent with previous studies which have argued the left VWFA
underlies a holistic processing in integrating the shapes/features of words into
whole-word configurations (Glezer et al., 2009; McCandliss et al., 2003; Starrfelt

& Gerlach, 2007).

Finally, it is worth mentioning that, in contrast to between-category discrimination
of words and non-word stimuli which exhibited an involvement of bilateral vOT,
discrimination of word exemplars exhibited left lateralization, such that only the
left VWFA and pFus in vOT showed significant decoding of word exemplars. This

result is important for linking the behavioral VHF effect of word recognition to its
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underlying neural processes. Despite the strong left lateralization indicated by the
functional localizer measuring univariate fMRI responses, the nature of
behavioral VHF effect is more strongly tied to the multivariate discrimination of
word exemplars. Thus, under the absence of univariate left lateralization in the
main experiment, it is reasonable to propose that the neural mechanism of
behavioral RVF advantage is reflected by the left lateralized multivariate within-

category representation in the vOT.

4.4 Right lateralized within-category discrimination of faces is not limited to

the category-specific FFA

Here, we tested the within-category discrimination of three highly dissimilar faces
in the center face experiment and our ROl analyses suggested that two regions
in the right vOT, FFA and pFus, showed significant above-chance decoding.
Although it has been argued by Dubois et al. (2015) that decoding of face
exemplars is very difficult and even impossible, using fMRI MVPA analysis, a
number of recent fMRI studies have reliably observed successful exemplar-level
decoding of faces in the human brain (Anzellotti & Caramazza, 2016; Anzellotti et
al., 2014; Axelrod & Yovel, 2015; Goesaert & Op de Beeck, 2013; Guntupalli et
al., 2017; Kriegeskorte et al., 2007; Natu et al., 2010; Nestor et al., 2011; Nestor,
Plaut, & Behrmann, 2016; Verosky, Todorov, & Turk-Browne, 2013; Visconti di
Oleggio Castello, Halchenko, Guntupalli, Gors, & Gobbini, 2017). Our finding of

the representation of face exemplars in the right FFA is consistent with the view
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of a functional asymmetry between left and right FFA. Several studies have
argued that the right FFA is associated with configural/holistic processing and
identification of faces, while the left FFA is associated with face feature
processing (Meng et al., 2012; Rossion et al., 2000; Rotshtein et al., 2005;
Verosky & Turk-Browne, 2012). It should be noted that our searchlight analyses
of face exemplar-level decoding revealed that the left mFus (although not the left
FFA per se) also showed above-chance decoding. This result may indicate that
within-category face information is carried in both hemispheres, and the right
lateralization observed in the FFA may reflect a quantitative rather than

qualitative difference between the left and right FFA.

Interestingly, similar to our result for the center word experiment, the right pFus
exhibited significant decoding of face exemplars. It has been suggested that
information of face features and parts are carried within the object processing
ventral visual hierarchy. Accordingly, fMRI MVPA studies show decoding of face
features and parts in the posterior-to-anterior visual hierarchy comprised of early
visual cortex, OFA, pFus, and mFus (i.e. FFA; Axelrod & Yovel, 2012; de Haas et
al., 2016; Nichols, Betts, & Wilson, 2010, 2016; Petro, Smith, Schyns, & Muckli,
2013; Zhang, Liu, & Xu, 2015). A recent study further supports this idea by
showing that the pFus contains a feature-based representation for faces (Nestor
et al., 2016). Therefore, the right pFus may reflect a representation of face

exemplars at a generic shape or feature level of object processing.
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Lastly, no effect of lateralization for faces was observed in our univariate
analyses. Moreover, the functional localizer yielded mild right lateralization of
faces, and several subjects in the current study exhibited a left or no cerebral
lateralization for faces. Such results are hard to reconcile with the behavioral
VHF measures of LVF face advantage observed in all subjects (according to our
selection criterion). It seems more plausible to argue that, like the word
behavioral VHF effect, the neural mechanism of right lateralization for faces
underlies multivariate discrimination at the exemplar-level in the FFA and pFus.
Thus, taking together the results from both word and face experiments, we
propose that lateralized object processing is supported by a visual hierarchical
representation of within-category feature level to configural/holistic processing.
Given the role of left VWFA and right FFA in a more abstract representation of
words and faces, this view is consistent with and further supports within-category
discrimination mechanisms underlying the opposite lateralization for words and
faces (Behrmann & Plaut, 2015; Dehaene & Cohen, 2007). What remains
unclear is how the opposite lateralization between the left VWFA and right FFA
drives the lateralization of their corresponding posterior object-sensitive regions
with respect to the specific category processes. We return to this issue in the

following discussion session.

4.5 Category-specific regions show lateralized within-category decoding to

the preferred location
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In Chapter 2 and 3, we have demonstrated that within- and between-category
discrimination of objects emerges along the ventral visual hierarchy. In the VHF
word and face experiments, we focused on the VHF effects on representation of
multivariate spatial information carried by category-specific regions. In the VHF
word experiment, we found that the left VWFA could discriminate RVF word
exemplars, and in the VHF face experiment, we found that the right FFA could
discriminate LVF face exemplars. However, decoding of LVF word exemplars
was observed in neither the left nor the right VWFA, and decoding of RVF face
exemplars was not observed in either the left or the right FFA. Thus, our results
provide clear evidence of the contralateral bias in category-specific regions for

within-category discrimination of object exemplars.

In the VHF word experiment, the left VWFA showed a significant main effect of
category in fMRI univariate responses. Despite a trend for contralateral bias
shown in Figure 12, the VHF effect was not statistically significant. In contrast,
the right VWFA exhibited a strong contralateral bias. Similar results were also
reported in a previous study by Ben-Shachar et al. (2007). This suggests that the
left VWFA is location-invariant for the representation of words. However, in our
recent study (Zhou, Whitney, et al., 2019), we observed location-dependent
orthographic processing in the left VWFA using an fMRI priming paradigm. These
contradictory results again raise the question of the long-lasting debate on
whether the VWFA is sensitive to word location (L. Cohen et al., 2002;

Rauschecker et al., 2012). In our univariate analyses of the VHF face
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experiment, both the left and right FFA showed category selectivity for faces as
well as contralateral bias. This is in line with previous studies showing that the
FFA was influenced by low-level face features such as visual hemifield location
(Hemond et al., 2007; Yue et al., 2011). In contrast to these findings, other
studies have demonstrated an invariance of the FFA to certain types of the low-
level features, and a tuning toward configural/holistic processing and an abstract
representation of face identity (Andrews & Ewbank, 2004; Eger, Schweinberger,
Dolan, & Henson, 2005; Kovacs et al., 2008). Given these contradictory results in
fMRI univariate studies, our multivariate results clearly demonstrated location-
dependent within-category information in category-specific regions, and provide a
new explanation for the opposite behavioral VHF effects between recognition for
words and faces. Lastly, the absence of ipsilateral within-category decoding of
objects in category-specific regions may indicate less visual information in these
regions to allow successful decoding of object exemplars in non-preferred
compared to the preferred location. This finding does not necessarily negate the

importance of the category-specific regions in processing preferred stimulus type.

4.6 Generic shape sensitive regions show complementary within-category

decoding to the non-preferred location

In contrast to the within-category decoding of objects at the preferred location in
category-specific regions, the most important and interesting findings are the

pFus being able to discriminate the word and face exemplars presented at the
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non-preferred VHF. What is more surprising is that this process recruits bilateral
pFus and the same regions encode both word and face exemplars in two
separate experiments of the same subjects. These results suggest that the pFus
carries both contralateral and ipsilateral exemplar-level information for the non-
preferred location, which is not found in category-specific regions. More
importantly, such results further pose an interesting question about what
mechanism underlies the task performance deficit in behavioral VHF studies for
stimuli presented in non-preferred location. Based on the findings of both word
and face within-category information carried in the pFus, we demonstrate a

domain-general process in the pFus.

In our previous discussion, we have proposed that the pFus is involved in either
category-specific feature processing or generic object shape-based processing.
In both center experiments, the pFus exhibited category-specific lateralization
consistent with the lateralization of the left VWFA for words and the right FFA for
faces, which suggests that the pFus is likely to be category-specific as it is driven
by the anterior category-specific mFus. However, the VHF results clearly showed
that both the left and right pFus can decode both words and faces at the
exemplar-level. Given that the words and faces differ in nature as well as in
development (Behrmann & Plaut, 2013; Dehaene, Pegado, et al., 2010;
Dehaene-Lambertz et al., 2018; Dundas et al., 2013; Dundas, Plaut, &
Behrmann, 2015; Gomez, Natu, Jeska, Barnett, & Grill-Spector, 2018;

Kanwisher, 2000; Tarr & Gauthier, 2000), these result strongly disagree with this
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category-specific claim and support the alternative role of pFus in encoding
generic objects. Therefore, the ipsilateral deficits for both words and faces could
be the consequence of the dissociation between category-specific and generic
object processing between contralateral and ipsilateral discrimination of

homogeneous objects.

Although our ROI analyses suggested a similar degree of decoding performance
between the left and right pFus, our lateralization analyses on the group-level
searchlight results revealed a contralateral bias (i.e., relatively larger cluster) for
both decoding word and face exemplars in the pFus. This result indicates
location-dependent within-category discrimination in object-sensitive regions,
consistent with two previous studies on location-dependent object processing
using fMRI multivariate analyses (Cichy et al., 2011; Kravitz et al., 2010). We
further extend their findings to category-specific and lateralized object processing
at the exemplar-level. In addition, the ability to decode of ipsilateral within-
category information suggests an emergence of interhemispheric transfer in
regions posterior to category-specific regions, consistent with the idea that the
interhemispheric information is combined in an early stage of visual object
processing proposed by several studies (Frassle, Paulus, Krach, Schweinberger,
et al., 2016; Strother et al., 2016; Strother et al., 2017; White, Palmer, Boynton, &
Yeatman, 2019). Lastly, the further results showed that no ROI exhibited within-
category across location decoding, indicating that the word and face exemplar-

level information was not location tolerant. Consistent with this, it is reasonable to
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suspect that the contralateral and ipsilateral objects are represented differently in
the vOT, and further support the idea of dissociation between contralateral

category-specific and ipsilateral generic object processing.

4.7 Between-category decoding exhibits contralateral bias in the whole vOT

Between-category decoding of words and faces was observed in a large extent
of the vOT, and this category-level information is tolerant to VHF location. In
addition, we found that words between-category information in the left
hemisphere was not strongly biased toward the contralateral (i.e. RVF) stimuli,
however, significant contralateral bias was observed in the right hemisphere.
One possible interpretation for this result is that there is more LVF word
information transferred into the left hemisphere as compared to RVF word
information transferred into the right hemisphere. This is consistent with our
previous study showing an absence of contralateral bias observed in the left
hemisphere (Strother et al., 2017), indicating an asymmetric interhemispheric
transfer of word information between the left and right hemisphere. Therefore,
the left hemisphere may carry equal amounts of LVF and RVF category-level
information which results in the absence of contralateral bias in the left
hemisphere. In contrast, a contralateral bias for decoding faces and non-face
stimuli was observed in both left and right hemispheres. This result means that
face category-level information is distributed evenly and equal amount of

information is available for the ipsilateral stimulus in both left and right
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hemispheres, consistent with previous findings of contralateral sensitivity of
object processing (Cichy et al., 2011; Cichy et al., 2013; Hemond et al., 2007;
Kravitz et al., 2010; Niemeier, Goltz, Kuchinad, Tweed, & Vilis, 2005; Sayres &

Grill-Spector, 2008).

4.8 Object location is also coded in category-specific regions

Finally, we examined the multivariate stimulus location information that carried in
the vOT. Consistent with previous fMRI MVPA studies (Cichy et al., 2013; Kravitz
et al., 2010; Rauschecker et al., 2012), we found that words and faces category-
specific regions could decode the location of words and faces. This result
provides additional evidence that the high-level category-specific regions are
sensitive to stimulus location. Another finding of this analysis was that the
posterior vOT exhibited greater location sensitivity than the anterior part of vOT.
This is consistent with the notion of increasing of position invariance along the
visual ventral hierarchy that the posterior vOT contains more spatial information
as compared to the anterior vOT (Behrmann & Plaut, 2013; Dehaene & Cohen,
2011; Dehaene et al., 2005; Duchaine & Yovel, 2015; Grill-Spector & Malach,

2004; Rust & Dicarlo, 2010; Wandell et al., 2012).

4.9 Opposite hemispheric asymmetry of word and face recognition recruits

both category-specific and generic object cortex
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The goal of this study is to try to reconcile controversy on the neural basis of
word and face recognition by examining the univariate and multivariate neural
response patterns. Although the univariate analyses showed inconsistent
lateralization of words and faces, we observed consistent opposite hemispheric
asymmetry at the multivariate exemplar-level for decoding words and faces. First,
the current results clearly demonstrated opposite lateralization in multivariate
within-category discrimination of words and faces viewed centrally. Furthermore,
opposite VHF effects on words and faces were also found in lateralized category-
specific regions, the left VWFA and the right FFA, for words and faces viewed in
the contralateral VHF. Lastly, the object-sensitive pFus also showed opposite
VHF effects for words and faces viewed in the non-preferred VHF. Taken
together, all the current results demonstrate a lateralized dissociation in the
within-category discrimination of homogenous objects to contralateral and
ipsilateral visual information between anterior and posterior vOT. Consistent with
this, functional dissociation between the pFus and mFus were reported in several
recent studies in word recognition (Lerma-Usabiaga et al., 2018; White et al.,
2019; Zhou, Vilis, et al., 2019). Other studies on different cytoarchitectures of
fusiform gyrus suggest basic brain structural difference between mFus and pFus
(Lorenz et al., 2017; Wagstyl, Ronan, Goodyer, & Fletcher, 2015; Weiner et al.,
2017), which may further support the idea of functional heterogeneity between
the category-specific regions located in the mFus and object-sensitive regions

located in the pFus.
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These results thus have important implications for understanding the hemispheric
asymmetry and the organizing principles of the ventral visual cortex. First, our
results provide a novel explanation for the hemispheric asymmetry in related to
the complementarity of lateralized word and face recognition. Many previous
hemispheric asymmetry models have tried to explain the opposite lateralization
between words and faces. Dien (2009) summarized three dominant models of
brain laterality: (1) LH-verbal vs. RH-visuospatial model; (2) LH-analytic vs. RH-
configural model; and (3) LH-high frequency vs. RH-low frequency model.
However, it should be noted that these models rely on behavioral VHF effects
and fMRI univariate responses used to imply the functional asymmetries between
the left and right hemispheres. The author further argued that those dichotomous
models were oversimplified, and proposed that hemispheric asymmetry relied on
a general object recognition system computing a large variety of representations
across the left and right hemisphere. Consistent with this view, our results
implicate a posterior-to-anterior as well as a left-versus-right functional
dissociation of processing words and faces. It appears that the word and face
recognition rely on both category-specific and object-sensitive cortical regions in
the ventral visual cortex, and both the shared and unique cortical regions
contribute to category-specific object fine-grained discrimination. This is also
consistent with the idea of object recognition being implemented by a complex
network rather than relying on a single module in the brain (Behrmann & Plaut,
2013; Steeves et al., 2006). Specifically, the words and faces were both

processed in the object-sensitive pFus, suggesting a common mechanism that
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underlies discrimination of homogenous visual object information. Thus, it is
argued that object processing recruits a generic object encoding to category-
specific representation along the posterior-to-anterior ventral visual hierarchy.
According to this view, it is possible that the posterior generic object processing
system encodes visual object features and shapes while the anterior category-
specific system processes the holistic representations of the visual objects.
Moreover, this view offers a novel understanding of the underlying mechanisms
of VHF effects. In the case of viewing objects in either LVF or RVF, objects in the
preferred location are processed holistically while words and faces in the non-
preferred location are discriminated based on the different visual characteristics

at the object feature level.

The second implication is that these results provide strong evidence in
reconciling the controversy between domain-specific and domain-general object
processing. The domain-specific view holds that fine-grained discrimination of
homogenous categories is tied to a module in the brain which is unique to that
category (Kanwisher, 2000). Conversely, the domain-general view holds that,
despite category selectivity of certain regions, such discrimination also recruits
other regions which are not unique to a particular object type (Behrmann & Plaut,
2013; Haxby et al., 2000). Consistent with the latter view, our findings showed
both category-specific and generic object-based within-category discrimination of
word and face exemplars. Consequently, this anterior-to-posterior dissociation

may highlight the distinct functions in either feature-based or holistic processing
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of visual information. This interpretation is analogous to the results observed in
studies of patients with impaired word or face processing. For examples, patients
with damage in the left hemisphere exhibited ‘letter-by-letter reading’ (Behrmann
et al., 1998; Binder & Mohr, 1992; L. Cohen et al., 2003; Leff et al., 2001) and
patients with congenital prosopagnosia exhibited preserved feature-based
processing of faces (Avidan et al., 2011; Barton et al., 2004; Kimchi et al., 2012;
T. T. Liu & Behrmann, 2014; Lobmaier, Bolte, Mast, & Dobel, 2010). Although it
is likely that, in the left lesion patients, the word category-specific region as well
as the left hemisphere generic object-sensitive region were affected, it is
conceivable that the right posterior object-sensitive counterpart might remain
intact and contribute to word recognition. Thus, the observed ‘letter-by-letter
reading’ reflected the limited processing of words at the feature level in the right
hemisphere. Similarly, this is also possibly true for patients with right hemisphere
lesion related prosopagnosia. In fact, our findings of VHF effects on within-
category discrimination of words and faces in preferred and non-preferred
locations reflect the same dissociated posterior-to-anterior (i.e., generic object to
category-specific) mechanisms in the vOT. This may indicate that the words and
faces are encoded inefficiently in their category-specific regions at the non-
preferred location, which results in impaired ipsilateral performance. In addition, it
has been argued that the prosopagnosia showed impairment in word recognition
and the pure alexia showed impairment in face recognition (Behrmann & Plaut,
2014). Based on our findings, these results could be explained by a unilateral

lesion in both the category-specific and generic object-sensitive regions, and
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consequently, an impairment in recognition of other types of objects due to the
damages in the general object processing system. This may suggest that the
generic object-sensitive regions are as important as the category-specific regions

for fully processing an object.

4.10 Future directions

In both center and VHF experiments, we found that both category-specific
regions in the mFus and generic object-sensitive regions in the pFus contribute
to fine-grained object recognition. Critically, optimally (centrally) viewed words
and faces engaged lateralized category-specific as well as generic object
regions, and peripherally viewed words and faces showed a dissociation
between these two regions depended on the location of the stimulus. One
unsolved conundrum was that the pFus could not discriminate the objects
presented in the preferred contralateral location (i.e., the left pFus for RVF words
and the right pFus for LVF faces). This was not explained by results from the
center experiments in which both category-specific and generic object regions
were involved in the representation of centrally viewed objects. Based on the
discussion above, if the pFus processed the words or faces in a non-category-
specific manner, generic object processing would lead to a feature-based but not

holistic based processing of objects.
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It has been argued that fusiform face and word regions can be divided into two
subregions, with the posterior subregion partially overlapped with object selective
pFus (Grill-Spector & Weiner, 2014), as observed in the current study. Consistent
with this, two recent papers have further demonstrated the importance of the
pFus in processing word (Lerma-Usabiaga et al., 2018) and face (Nestor et al.,
2016) features. Thus, we suspect that it is possible that the VHF effect may drive
the object processing in either a holistic or a feature location-dependent
processing, and the drop out of pFus for decoding objects in the preferred
contralateral location may reflect the increased reliance on feature-based
processing for objects presented at the non-preferred location. This mechanism
could thus bias neurons in mFus and pFus to via top-down influence from non-
visual high-level regions or bottom-up low-level visual input, as suggested by
Lerma-Usabiaga et al. (2018). Alternatively, these results may reflect an
attentional difference between preferred and non-preferred VHF during word and
face recognition. It has been argued that holistic face processing demands
attention (Palermo & Rhodes, 2007). Thus, it is possible that words and faces
presented in the preferred location draw more attention than those in the non-
preferred location. Consequently, such attentional difference may drive the
underlying processing in either a holistic or feature based fashion. Consistently
with this interpretation, a recent study by White et al. (2019) showed that more
attention was drawn to RVF words than to LVF words. Note that the current study
did not concern these limitations and these two interpretations open questions to

be investigated in future studies.
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4.11 Conclusion

We used multivariate pattern analysis to investigate the lateralization of object
processing. Our major findings showed (1) successful between-category
decoding throughout the vOT; (2) successful within-category decoding including
both category-specific regions and generic object-sensitive regions in the vOT;
(3) contralateral bias for within-category decoding at the preferred location in
category-specific regions; (4) a complementary within-category decoding for the
non-preferred location in generic object processing regions; (5) an opposite
lateralization between words and faces. These findings demonstrate that cerebral
lateralization is associated with processing of exemplar-level information rather
than category-level information, and such lateralization is strongly evident in
category-specific regions in the vOT. This result, the first of its kind, is important
because it allowed us to conclude that vOT is not overwhelmingly lateralized in
its involvement in visual processing of words and faces. However, specific
regions of vOT—relatively small cortical regions (VWFA and FFA)—do indeed
appear to exhibit lateralized function during exemplar discrimination, such as that

required in traditional divided field tasks applied to words and faces.

We offer a new explanation for fine-grained object discrimination. In order to
achieve object recognition, the visual system relies on an efficient coding

mechanism for object information in category-specific regions and a more
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general shape- or feature-based processing mechanism in object-sensitive
regions along the visual ventral hierarchy. The findings of the two functionally
dissociable regions potentially reconcile the long-standing debate between the
domain-specific and domain-general mechanisms of object processing.
Specifically, fine-grained object recognition is dependent upon the involvement of
both domain-specific and domain-general cortex regions, which supports the idea
of co-existing domain-specific and domain-general processing of object
recognition in distinct regions of the ventral visual cortex. Taken together, our
findings indicate that fine-grained visual information is distributed in different

cortical regions that serve distinct computational needs.
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